AD

Award Number: DAMD17-98-1-8611
TITLE: Natural History of Plexiform Neurofibromas in NF1
PRINCIPAL INVESTIGATOR: Bruce R. Korf, M.D., Ph.D.

CONTRACTING ORGANIZATION: Brigham and Women’s Hospital
Boston, Massachusetts 02115

REPORT DATE: October 2001
TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for public release;
Distribution unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20020402 051

_-_'_4____________*__/'




REPORT DOCUMENTATION PAGE NP A

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for

reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE
October 2001

3. REPORT TYPE AND DATES COVERED
Annual (1 Oct 00 - 30 Sep 01)

4. TITLE AND SUBTITLE
Natural History of Plexiform Neurofibromas in NF1

5. FUNDING NUMBERS
DAMD17-98-1-8611

6. AUTHOR(S)

Bruce R. Korf, M.D., Ph.D.

8. PERFORMING ORGANIZATION
REPORT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Brigham and Women’s Hospital

Boston, Massachusetts 02115

E-MAIL:
bkorf@partners.org

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for public release; Distribution unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 Words)
The three major goals of this study were to: 1) validate volumetric MRI in the measurement of plexiform neurofibromas; 2) obtain a

body of normative data on the growth rate of plexiform neurofibromas; 3) develop an infrastructure to support future clinical trials.
Although the first aim will not be fully achieved until all of the data are available and analyzed, we have made significant progress by
demonstrating tumor volumes can be reliably measured by multiple observers. The reproducibility study has been completed and
submitted for publication. Regarding the second aim, this year saw a continued increase in patient enrollment mainly due to the
addition of three new clinical sites. Most plexiform neurofibromas have been imaged only once or twice, but we have included data
representing longitudinal follow-up of one tumor as an example of the type of growth data we are hoping to collect. Finally, with
respect to building infrastructure, we have a stable group of participating centers and have streamlined the process of signing on new
centers. We have also worked collaboratively with the group at the National Cancer Institute who is running a clinical trial of a
farnesyl protein transferase to coordinate the natural history study with this clinical trial. The study got off to a slow start due to
administrative problems related to the process of obtaining IRB approval for centers but data is now steadily accumulating, making it
clear that the objectives of the study will be achieved.

14. SUBJECT TERMS
Neurofibromatosis

15. NUMBER OF PAGES
58

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT
Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT
Unclassified

20. LIMITATION OF ABSTRACT

Unlimited

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI| Std. Z39-18
298-102




Table of Contents

0T N i
SF 208.... e e i
Table of Contents..........cceiiiiiiiiiiir e e iii
Introduction..........co i 1
Progress Report for Statement of Work by Task...........ccicvvviriiniiiiiniinnnn 1
Key Research Accomplishments..........c.ccciiiiiiiiiiiiiiiinini e, 10
Reportable OUtCOMES......ccccicviiiiriiiic e rcrr s v e v s e raennnnennennens 11
L0074 o7 [ =] [0 3 = 11
ReferenCes.....ccuieiiciciiirr e e 12
APPENAIX A....riiiiiii e e nrrarnrara 13
WX o 0= T [ = RPN 29
X o 1= ¢ T [ - R 35



Introduction

This report marks completion of the third year of this project. The three major
goals of this study were to: 1) validate volumetric MRI in the measurement of
plexiform neurofibromas; 2) obtain a body of normative data on the growth rate of
plexiform neurofibromas; 3) develop an infrastructure to support future clinical
trials. Although the first aim will not be fully achieved until all of the data are
available and analyzed, we have made significant progress by demonstrating
tumor volumes can be reliably measured by multiple observers. The
reproducibility study has been completed and submitted for publication.
Regarding the second aim, this year saw a continued increase in patient
enroliment mainly due to the addition of three new clinical sites. Most plexiform
neurofibromas have been imaged only once or twice, but we have included data
representing longitudinal follow-up of one tumor as an example of the type of
growth data we are hoping to collect. Finally, with respect to building
infrastructure, we have a stable group of participating centers and have
streamlined the process of signing on new centers. We have also worked
collaboratively with the group at the National Cancer Institute who is running a
clinical trial of a farnesyl protein transferase to coordinate the natural history
study with this clinical trial. The study got off to a slow start due to administrative
problems related to the process of obtaining IRB approval for centers but data is
now steadily accumulating, making it clear that the objectives of the study will be
achieved.

Progress Report for Statement of Work by Task

Task 1. Complete development of study infrastructure — Months 1-6
a. IRB approval at all clinical sites

Table 1 lists the participating clinical centers, the principal
investigator at each site, and the IRB approval status. The IRB
column refers to approval by the local IRB; the “Army” column
refers to approval by the army IRB. Several centers have been
dropped from the study. These are: Hadassah University Hospital,
Mayo Clinic, Mt. Sinai School of Medicine, Toronto Hospital for Sick
Children, University of Manchester, University of Padova, University
of Pittsburgh, and University of Texas. The major reason for drop
out was lack of follow-through by the local investigator to complete
the necessary paperwork for IRB approval. Two new centers have
been added, both to replace dropout and to accommodate
investigators who have expressed a strong desire to participate.
These are: National Cancer Institute and Massachusetts General
Hospital.



During this past year we have streamlined the process of enrolling

new centers, based on our experience in guiding the centers

through the process of preparing the IRB submission and designing
the consent form so that it will be likely to be approved both by the
local center and the Army IRB.

Center PI # Pts IRB Army
Children's Hospital Boston - 107 Bruce Korf 22 Yes Yes
Children's Hospital Medical Ctr - 173 Robert Hopkin 7 Yes Yes
Children's Hospital of Oklahoma - 178 John Mulvihill 12 Yes Yes
Children's Memorial Hospital - 177 Joel Charrow 12 Yes Yes
Children's National Medical Ctr- 170 Roger Packer 22 Yes Yes
Guy's Hospital - 187 Rosalie Ferner 17 Yes Yes
Klinikum Nord Ochsenzoll - 160 Victor-Felix Mautner 30 Yes Yes
Mass General - 106 Mia MacCollin 0 Yes Yes
Mass General - 189 Bruce Korf 4 Yes Yes
National Cancer Institute - 181 Brigitte Widemann 12 Yes Yes
New Children's Hospital - 112 Kathryn North 16 Yes Yes
Texas Children's Hospital - 172 Sharon Plon 5 Yes Yes
University of British Columbia - 100 Jan Friedman 7 Yes Yes
University of Utah - 117 David Viskochil 14 Yes Yes
Washington University - 169 David Gutmann 23 Yes Yes

Table 1. Status of IRB approval of participating clinical centers.

b. Complete clinical data entry forms and test electronic

transfer of clinical data

Data entry forms were completed by the end of the first year,
and have not changed.



c. Organize package of materials for pathology review and
tissue repository

This task was completed by the end of the second year and has
not changed. A detailed protocol for submission of tissue
specimens has been produced and is available for download on
our website.

d. Set up listserv and website

The study website has been operational for over a year at
www.nfstudies.org. The only significant change in the past year
relates to the location of the MRI Database tool. This year the
database tool was transferred to our website in order to improve
the site’s utility. Also, a new feature was added for centers to
search for patient visits as well as scans (Figure 1). This form
searches all records in our patient database and returns real-
time information pertaining to the patient in question. This tool
is password protected to ensure only appropriate parties can
access this information.

Figure 1. Screenshot of search page for patient database.




Test MRI data transfer

Each center has submitted test data for the NF1 Study either by
optical disk or through File Transfer Protocol (FTP).

Purchase workstation and prepare data entry forms at
WorldCare.

The workstation was purchased in November of 1998.
Documentation was provided in last year’s progress report.

WorldCare has maintained the NF1 Natural History Study
infrastructure by ensuring that on site project systems are
constantly prepared for data collection and analysis. To this end
efforts have been made to bring up to date existing hardware and
software responsible for all aspects of project functionality.
Included are equipment for sending and receiving images such as
optical drives, translators and servers related to file transfer
protocol. Additionally, the image analysis suite has been updated
and is running on a recently purchased, cutting edge computer.
While the image software is 510K approved, WorldCare contracted
an independent validation company to guarantee that all analytical
and statistical systems are running efficiently. The patient-tracking
database has been maintained with small reorganizations designed
to more accurately audit patient visit information and data.
Previously instituted filing systems, logbooks and binders have
been kept current to track both the history and progress of efforts
made by all parties in contact with WorldCare.

To accurately reflect the procedural changes made in the NF1
project, WorldCare document control updates and revises standard
operating procedure manuals as necessary. These manuals
outline procedures for the collection, receiving and analysis of data
specific to the study within Good Clinical Practices (GCP)
guidelines. The NF1 Collection Center Study Manual and has been
distributed to the clinical coordinators at each MRI facility in the
study.

Prepare project monitoring flow sheet at Brigham and
Women’s Hospital

This was addressed last year and no changes have occurred
since this time.



Task 2.

oo

Prepare recruitment letters for study subjects

This was addressed last year and no changes have occurred
since this time. As will be detailed in section 2.b below, we are
considering generating a new recruitment letter and
disseminating it broadly to the NF patient community to further
increase enrollment of study arms for which enrollment is a
particular challenge.

Publicize study to NF community

The study continues to be publicized in newsletters of the
National Neurofibromatosis Foundation and of NF, Inc.

Recruitment of Study Subjects — Months 6-12

Centers contact prospective study subjects
Enrollment of study subjects
First MRI and clinical data received

Substantial progress has been made in enroliment since last
year, although total enrollment remains below the originally
projected 300 patients. In part this is due to the delay in
recruitment stemming from problems with the IRB approval of
many centers, and in part it is attributable to the dropout of
some centers due to lack of follow -through with the process of
obtaining IRB approval. The increased enrollment during the
past two quarters (Figure 2) represents the addition of new
centers in Australia, National Cancer Institute, and
Massachusetts General Hospital. We also expect additional
patients to be enrolled at Massachusetts General Hospital
during the next quarter.

The delay in enrollment is also due, in part, to challenges in
access to certain types of patients. First, it will be noted (Table
2) that two of the three categories of participants < 18 years of
age are filled (actually more than filled, see below), whereas
there is a paucity of adults enrolled in all categories. We believe
this reflects the fact that most of the NF Clinics tend to see more



children than adults, largely because parents are likely to bring
their children to see an NF specialist, but adults tend to seek
care only when specific problems are present. Second, the
category of “trunk and extremity tumors not externally visible,” is
least well subscribed in both children and adults. This is likely
due to the fact that most individuals with NF1 are only aware of
plexiform neurofibromas that are externally visible. The centers
are following relatively few individuals who are known to have
neurofibromas that are not visible externally, since it is not
routine to screen asymptomatic patients for hidden tumors.

A meeting is being set up of the project steering committee to
consider how to deal with these issues. Several options are
being considered at this point, including:

i) Increase the number of participating centers to
increase the overall number of enrolled patients.
Although we would be interested in having additional
centers join the study, given the complexity of the IRB
approval process it is not likely that this will quickly
result in increased enrollment.

i)  Increase the publicity about the study to encourage
more individuals with NF1 to inquire about
participation. Although the study is listed in
newsletters of the National Neurofibromatosis
Foundation (NNFF) and NF, Inc., and on the NNFF
clinical trials website, a letter to individuals on the
mailing list of these two organizations will likely
increase enrollment. This will require permission of
the IRB.

iii) Increase the enrollment in categories for younger
participants with externally visible tumors to maximize
the likelihood of obtaining meaningful results for these
tumors, and accept that for the near future we may
have only pilot data for other categories. We have
tentatively allowed increased enrollment in some
arms of the study, although we will need to obtain
approval of the IRB to accept this amendment before
these enrolled patients can be formally included in the
study.

The steering committee will meet during the next month and
consider these options. It is likely that all three will be pursued
to some extent, with the goal of completing enroliment as
quickly as possible.
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Figure 2. Cumulative subject enrollment by quarter from start of study to

present.

Study Category Number Recruited

Head & Neck < 18 years old 58
> 18 years old 16

Trunk & Extremity < 18 years old 52
Externally Visible > 18 years old 39
Trunk & Extremity < 18 years old 22
Not Externally Visible > 18 years old 16
Total 203

Table 2. Number of subjects recruited by study category.

Review of clinical entry criteria

Entry and exclusion criteria were reviewed in a meeting held

in February 1999 at the Banbury Center in Cold Spring Harbor,
N.Y. A follow-up meeting of the steering committee and
participating clinical centers was held in Aspen, CO in June,
2000. No changes were made in the entry criteria at that
meeting.



Task 3.

Test of inter-observer reproducibility of designation of
tumor margins by MRI

The results of the reproducibility study were reported in the
progress report last year. A paper has been prepared and
submitted for publication to Radiology. A copy is appended to
this report. We have found excellent inter-observer agreement
(correlation coefficient 0.996 for three observers), with
reproducibility of volume measurements for almost all scans
within 10% and most within 5%.

Data Acquisition and analysis — Months 13-42

MRIs are sent from individual study sites in batches. In order to
facilitate this task, we are encouraging centers to send scans
through file transfer protocol. This method benefits all parties since
it is faster and less expensive than sending them by optical disk.
The current status of MRI receipt in shown in Table 3:

Children's Hospital 19
Children's Hospital Medical Center 9
Children's Hospital of Oklahoma 8
Children's Memorial Hospital 31
Children's National Medical Center 10
Guy's Hospital 19
Klinikum Nord Ochsenzoll 69
National Cancer Institute 12
Texas Children's Hospital 2
University British Columbia 11
University of Utah 14
Washington University 8
Total 212

Table 3. Number of MRI scans received by site.



Task 4. Interpretation of Data — Months 43-48
MRI Data

It is premature to report on interpretation of longitudinal data, since relatively few
patients have been imaged multiple times at this point in the study. We have,
however, analyzed data from a sample tumor that has been imaged on three
occasions, to serve as an example of the kind of data we anticipate as the study
continues. These data are shown in Figure 3.

1400
1200
1000
800
600
400
200

volume (cc)

0 6 12

months

Figure 3. Three successive measurements, each separated by a period of six
months, of tumor 160-0471-400. Error bars indicate plus or minus 10%, based
on results of reproducibility study. Representative images are shown in Figure 4.

Figure 4. Representative scans of tumor 160-0471-400 imaged at 0, 6, and 12
months, with area of tumor outlined.

Neuropathology Data

The tissue bank and neuropathology review facility has been involved in
collection of blood and tumor specimens, and has conducted a study in which



fluorescence in situ hybridization has been used along with
immunohistochemistry for S100 to examine plexiform neurofibromas and
malignant peripheral nerve sheath tumors for loss of NF1 gene function. Drs.
Perry et al. have shown that deletion of one copy of the NF7 gene occurred in
4/7 plexiform neurofibromas and in all of 8 MPNST’s. All cells in the plexiform
neurofibromas that harbored deletions displayed S100 staining, indicative of
Schwann cell origin, consistent with emerging evidence implicating the Schwann
cell as the primary tumor cell of the neurofibroma. In contrast, some MPNST
cells with loss of NF1 did not stain with S100, suggested that these cells had lost
(or were derived from cells that never had) this property of differentiated
Schwann cells. Copies of two papers resulting from this work are attached.

Development of Infrastructure for Clinical Trials

Dr. Korf has worked closely with Drs. Frank Baylis and Brigitte Wiedemann at
National Cancer Institute in the design of their clinical trial of the farnesyl protein
transferase R115777 in the treatment of growing plexiform neurofibromas. This
clinical trial will also use volumetric MRI as a measurable endpoint, using an
imaging protocol adapted from the one used in this natural history study. This
clinical trial also shares tissue banking and neuropathology facilities. Finally,
participants in the natural history trial who demonstrate tumor growth will be able
to cross over into the treatment trial if eligible and if the patient and family are
willing. Similarly, a trial of the fibroblast inhibitor Pirfenidone has been proposed
(PI: Dr. Roger Packer) which will also use the same tissue bank and similar
volumetric MRI protocols.

KEY RESEARCH ACCOMPLISHMENTS

e Completion of reproducibility study showing high inter-rater correlation
coefficient, suggesting that volumetric analysis will provide reproducible
data on tumor volumes, resulting in paper for publication.

¢ Substantial increase in study centers that have passed complete IRB
approval (15) and steady increase in patient enrollment
Addition of 3 new sites to study
Steady acquisition of MRI data and data analysis at WorldCare
Improvement in imaging database available on website at
www.nfstudies.org

e Streamlining of IRB approval process to increase the speed of IRB
approval of new sites

e Coordination with NCI farnesyl transferase study and proposed
Pirfenidone trial

¢ |dentification of NF1 gene deletions in plexiform neurofibromas and
MPNST as basis for loss of NF7 function in some PN and most MPNST

10



REPORTABLE OUTCOMES

1. Manuscripts: attached and see references.
2. Presentations

National Neurofibromatosis Foundation Clinical Trials Workshop — Dr. Korf was a
co-organizer and chair of the session on outcomes measures. He presented a
paper describing the study of the natural history of plexiform neurofibromas in
NF1. A paper describing this meeting has been submitted for publication to the
journal Neurology.

Dr. Korf was a co-organizer of an NIH-sponsored meeting on NF1 held in
October, 2001 in conjunction with the annual meeting of the Child Neurology
Society in Victoria, B.C., Canada. He presented a paper on the natural history
study, which will be published in the journal Child’s Nervous System.

3. Patents, licenses: not applicable
4. Degrees obtained: not applicable

5. Tissue Repositories: A repository of blood and tumor tissue is now
established at Washington University, St. Louis. This repository was
initiated as part of this project, but is now being used by treatment
protocols for Pirfenidone and farnesyl transferase inhibitor, as well.

6. Informatics: The NF International Database has been modified to
accommodate the specialized data collection required for use in this
project. This database is open to investigators anywhere in the world (to
input their own data, or query the database in a manner that preserves the
confidentiality of patients.

7. Employment/research opportunities: not applicable

CONCLUSIONS

The study has made significant progress during the past year, in spite of a slow
start in recruitment of participating centers and patients due to problems with the
IRB approval process. The need for two IRBs to approve each center remains a
cumbersome approach, but we have learned to work within the system to
expedite the approval of new centers. We will need to make some decisions
regarding the recruitment of adults, and patients at any age with tumors that are
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not externally visible, but are confident that we can deal with these challenges
and accomplish the goals of the study. We are well along on the task of
validating the utility of volumetric MRI in measuring plexiform neurofibromas by
showing that reproducible measurements can be made in spite of the complexity
of the lesions. Accrual of data is also proceeding, and an efficient approach has
been set in place to acquire the MRIs and analyze them. Finally, we have
developed an infrastructure that is already helping to catalyze clinical trials for
promising drugs in the treatment of plexiform neurofibromas. It is our expectation
that the data derived from this study will be especially important in future trial
design, as we learn about the patterns of neurofibroma growth and how to follow
them.
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Volumetric Measurement of Plexiform Neurofibromas using MR Imaging



Abstract

Purpose: To validate MR imaging volumetric measurements for evaluating growth of
plexiform neurofibromas in neurofibromatosis type 1(NF1).

Material and Methods: On MR examinations of 12 children with NF-1, lesion volumes
were measured on axial STIR images by 3 independent observers.

Results: Overall inter-rater correlation coefficient was 0.996 (excellent agreement).
Variation increased with greater lesion size.

Conclusions: Volumetric measurements of NF-1 lesions are reproducible.



Introduction

Neurofibromatosis type 1(NF1) is an autosomal dominant disorder that affects
approximately 1 in 4,000 individuals. (1). The hallmark feature is the occurrence of
benign nerve sheath tumors, neurofibromas. Other features include café-au-lait macules,
skin-fold freckles, optic gliomas, iris hamartomas (Lisch nodules), skeletal dysplasias,
and malignant peripheral nerve sheath tumors. Much of the morbidity of the disorder is
associated with the neurofibromas. Cutaneous neurofibromas can be present in large
numbers, causing cosmetic disfigurement. Plexiform neurofibromas, occurring in 25% of
individuals with NF1, are characterized by longitudinal neurofibroma growth along
nerves and involving multiple fascicles and branches. They lead to disfigurement,
overgrowth, nerve compression, and even malignancy. The only current treatment for
plexiform neurofibromas is surgery, but surgical resection is usually difficult because
lesions are large and infiltrative. Recurrence is therefore common (2, 3)

The cloning of the NF1 gene has resulted in insights into pathogenesis that may
ultimately lead to the development of non-surgical therapies. The gene responsible for
NF1 encodes a protein referred to as “neurofibromin,” which functions at least in part as
a negative regulator of Ras family GTPases (4). Clinical trials that have been undertaken
or are contemplated include the use of farnesyl protein transferase inhibitors,
angiogenesis inhibitors, cytodifferentiating agents, and hormonal modulators (5, 6).

The high rate of morbidity associated with plexiform neurofibromas makes them
a good target for non-surgical therapies. There are major challenges, however, in the
determination of outcomes measurements that will complicate these trials. Plexiform

neurofibromas may grow erratically, exhibiting periods of rapid growth followed by



spontaneous stabilization. Also, the lesions may be large and irregularly shaped, making
it difficult to measure their size and follow changes related to growth or shrinkage in
response to treatment.

Given these challenges, and the likelihood that drugs will be available for clinical
trial in the near future, we have organized a multicenter trial to determine the natural
history of plexiform neurofibromas in NF1 using volumetric MRI. The major goals of
this study are, first, to validate volumetric MRI as a means of following the growth of
plexiform neurofibromas, and, second, to generate a body of normative data on the
growth rate of plexiform neurofibromas from different regions of the body. The validity
of the volumetric analysis is critically dependent on the ability of an observer to
reproducibly determine the margins of a tumor in an MR image. We have therefore
studied inter-observer correlation of three observers analyzing volumetric MRI data to
determine a) the degree of interobserver variation in the measurement of plexiform

neurofibromas, and b) the factors influencing this variation.

Material and Methods
Study Description

The overall study of the natural history of plexiform neurofibromas involves the
recruitment of 300 patients with NF1, half children under 18 years of age and half adults,
with plexiform neurofibromas of the head and neck or trunk and extremities. Serial
MRTI’s are done at three time points over a three year period of observation. The MRI
data are sent to a central location for volumetric analysis of the plexiform neurofibroma.

The participating institutions' human research committees have approved the study.



The initial part of this study was to compare the volumetric measurements of
neurofibromas performed by two radiologists and by a technologist experienced in
volumetric assessment of the lesions. MR imaging studies of the first 12 consecutive
patients recruited were reviewed. All patients had been diagnosed as having
neurofibromatosis type 1, with the diagnosis established according to clinical criteria.
The lesions involved the head and neck (n = 5), spine (n = 4), and trunk or extremities (n
=3).

MR Imaging

The protocol included coronal and sagittal short tau inversion recovery (STIR)
images. The parameters varied according to the area being examined and to the extent of
the lesion. Because patients were referred as part of a multicenter study, the MRI units
were of several makes and field strengths. In addition, coil and field of view selection
varied according to the location of the lesion. In general, the following parameters were
used: (150/6000/35 [inversion time/repetition time/echo time]; echo train length=8). The
main goal of imaging was to include contiguous axial STIR slices for volumetric
measurements. Slice thickness was 4 mm for the head and neck, 5 mm for the spine, and
10 mm for the extremities. The extremities were imaged with a matrix of 512 x 160 so
that coverage of the entire lesion could be done in a reasonably short time; the other
anatomic areas were imaged with a 256 x 256 matrix.

Volumetric Analysis

The volumetric analysis was performed using Cheshire software (Version4.4,

Parexel, Waltham, MA), a desktop visualization and analysis program. The images were

imported from the MRI systems or hardcopy images were scanned to a digital form. A



scale value is used to display size and dimensions, calculate operations, and export to
another file or report. Measurements are performed manually. An Auto Segmentation
Tool determines the best guess edge of a lesion, based on pixel values, and creates a
Region of Interest (ROI) around the object. With STIR images, neurofibromas are of high
signal intensity, whereas solid structures in the body are of very low signal intensity. The
segmentation tool therefore successfully identifies the margins of the neurofibromas in
most instances. To use this tool, the user must click in the center of the object, drag until
the entire circle lies outside the object, and then release the mouse to create the ROL
After the segmentation, the user may use any of the ROI modifying tools, such as the
Nudge Tool, to adjust the ROI to perfectly outline the object. The Volume Statistics
function is used to compute the volume for all volumes containing a selected ROI,
bounded by the processing range.

The technologist was initially instructed by the radiologists on the MR appearance
and signal characteristics of neurofibromas, using examples different from the ones used
in the evaluation. To perform the reproducibility study, the technologist measured the
volume of the lesion on each slice using the autosegmentation tool. Each radiologist then
reviewed the automated measurements and made adjustments using the Nudge Tool,
according to her or his clinical assessment. The measurements of the two radiologists
were made independently, and blinded to the other radiologist’s interpretation.

Statistical Analysis

Inter- and intra-observer reliability was assessed using the kappa statistic. The

categorization by Landis and Koch (7) of the range of values for kappa with respect to the

level of agreement is as follows: negative kappa values, poor agreement; kappa values of



0.0 to 0.19, slight agreement; kappa values of 0.2 to 0.39, fair agreement; kappa values of

0.4 to 0.74, good agreement; and kappa values of 0.75 to 1.00, excellent agreement.

Results

The results of the measurements are summarized in Table 1 and in Fig. 1. In Fig.
1, the average of the 3 measurements is taken as the standard, and deviations are recorded
as percentage of the total volume. As demonstrated on the graph, the variability was
usually under 5 %, and in all but two measurements, under 10%. There was greater
variability with increasing volume of the lesion. The data were insufficient to assess
difference in variability related to anatomic area. On the average, Radiologist 1 measured
a higher volume than the average and the technologist measured the lowest volume.
Measurements from Radiologist 1 ranged from 3.2% lower to 19.1% higher when
compared to measurements from Radiologist 2. The overall inter-rater correlation
coefficient (ICC) was 0.996, which shows excellent agreement among raters. Stratified
by group, the ICCs for Head-Neck and Spine were both >0.999. In Fig. 2, plexiform
neurofibromas in 3 representative locations are demonstrated with the volumetric
measurement outline.
Discussion

The study shows that interobserver variability in the volumetric measurement of
MR images of plexiform neurofibromas is small. Interobserver variability increases with
increasing volume of the lesions, but volume measurements are generally within 10% of
the mean of the measurements by three observers. The technique of automatic
preliminary volume determination followed by correction by the radiologist thus appears

to be a reliable tool.



Determination of the rate of growth of plexiform neurofibromas will become
important for selecting tumors appropriate for treatment in clinical trials, and for
measurement of the outcomes of treatment. There are, however, numerous difficulties in
measuring plexiform neurofibromas. In each slice, the lesion may branch in many
directions. Unlike most tumors, the borders of neurofibromas are ill defined, and their
extension makes adequate lesion coverage challenging. In some anatomic areas, it may
be difficult to differentiate neurofibromas from normal structures. For example, bowel in
the abdomen and pelvis, and lymph nodes in the head, neck, and mediastinum may
resemble neurofibromas. Finally, neurofibromas may have different MR appearances in
various parts of the body. All these difficulties have created a lack of enthusiasm or
outright skepticism of the possibility of measuring tumor burden in neurofibromatosis 1.

Our strategy was based on two objectives: a) to maximize contrast between the
lesions and the normal tissues, and b) to cover the entire lesion. Contrast maximization
was best achieved using the STIR sequence with long TR, which has been used for MR
neurography (8, 9). On long TR STIR images, most of the normal structures in the
extremities, head and neck, and spine are of low signal intensity, whereas neurofibromas
are of very high signal intensity. Slow flowing vessels are usually indistinguishable from
tumor, but we feel that they do not contribute substantially to tumor volume. The
technique is less optimal when examining abdominal and pelvic structures, as fluid-filled
bowel can closely resemble neurofibromas. In order to cover the entire lesion, we used
large fields of view, 10 mm slice thickness, and 160 phase encoding steps, all of which

allowed for fast imaging, albeit at the expense of optimal image quality.



Our data are limited by a relatively small sample size, and the fact that the
measurements of the radiologists were not done blinded to the initial assessment by the
technologist. We believe, however, that the major source of disagreement between
observers lies with the determination of tumor versus non-tumor on the MR images rather
than with the identification of the initial area of interest. We do not have a means of
determining the true volume of any of the tumors measured. Our data only address the
degree of reproducibility in assessment of tumor volumes as determined by three
observers. The data therefore reflect the precision but not the validity of the observations.

It remains to be demonstrated whether the degree of reproducibility will allow
detection of growth or shrinkage of plexiform neurofibromas based on serial MRI
assessment. The current trial of a farnesyl transferase inhibitor, for example, defines
progressive disease as an increase greater than or equal to a 20% in the volume of the
lesion. The observed interobserver variability, usually under 5% and generally under
10%, and the high inter-observer correlations suggest that determination of volumetric
change is feasible. We thus believe that reproducible computer-assisted volumetric
analysis of plexiform neurofibromas can be performed successfully, and that it may allow

reliable assessment of changes in lesion volume.

10



Acknowledgements
We thank Mr. Erik Peterson of WorldCare, Inc. for help in performing volumetric

measurements, and Ms. Tara Flynn, project study coordinator.

11



References

1. Huson SM. Recent developments in the diagnosis and management of
neurofibromatosis. Arch Dis Child 1989;64(5):745-9.

2. Friedman JM, Gutmann DH, MacCollin M, Riccardi VM. Neurofibromatosis:
Phenotype, Natural History, and Pathogenesis. 3" ed., Baltimore: Johns Hopkins
University Press; 1999.

3. Korf BR. Neurocutaneous syndromes: neurofibromatosis 1, neurofibromatosis 2,
and tuberous sclerosis. Curr Opin Neurol 1997;10(2):131-6.

4. Korf BR. Plexiform neurofibromas. Am J Med Genet 1999;89(1):31-7.

5. Feldkamp MM, Gutmann DH, Guha A. Neurofibromatosis type 1: piecing the
puzzle together. Can J Neurol Sci 1998;25(3):181-91.

6. Liebermann F, Korf BR. Emerging approaches toward the treatment of
neurofibromatoses. Genet Med 1999;1(4):158-64; quiz 165-6.

7. Landis JR, Koch GG. The measurement of observer agreement for categorical
data. Biometrics 1977;33(1):159-74.

8. Moore KR, Tsuruda JS, Dailey AT. The value of MR neurography for evaluating
extraspinal neuropathic leg pain: a pictorial essay. AJNR Am J Neuroradiol
2001;22(4):786-94.

0. Maravilla KR, Bowen BC. Imaging of the peripheral nervous system: evaluation

of peripheral neuropathy and plexopathy. AJNR Am J Neuroradiol 1998;19(6):1011-23.

12



Table 1- Variation between Observers

The following table shows the total volume data in mm3, for Radiologist 1 (R1),
Radiologist 2 (R2), and Technologist. The last 3 columns are the percentage deviance
from the average of the three from each rater.

Pt. Area Rl R2 Tech R1 R2 Tech
1 TE 863,955.0 864,606.0 783,899.0 3.2% 32% (6.4%)
2 TE 253,074.0 261,562.0 214,304.0 4.2% 7.6% (12%)
3 TE 60,483.0 57,234.9 53,504.8 6.0% 0.3% (6.3%)
4 HN 18,023.0 18,073.2 17,721.7 0.5% 0.7% (1.2%)
5 HN 30,4863 28,4775 28,1674 5.0% (1.9%) (3.0%)
6 S 2,073.8 17,41.4 2,073.8 5.6% (11%) 5.6%
7 HN 77,669.2 79,521.5 74753.5 0.5% 2.9% (3.3%)
8§ HN 321,513.0 319,903.0 320,177.0 0.3% (0.2%) (0.1%)
9 HN 92712 89050  8728.0 3.4% (0.7%) (2.7%)
10 S 2,010.7 1,811.5 1,660.8  10% (0.9%) (9.1%)
11 S 34,266.4 34,628.9 342,66.4 0.4% 0.7% (0.4%)
12 S 27,351.4 26,435.9 26,298.5 2.5% (1.0%) (1.5%)

TE = trunk or extremities; HN = head and neck; S = Spine. Negative values are in
parenthesis
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Illustrations

Figure 1
Graph illustrating variation in volumetric measurements from the mean amongst the 3

observers. Most variation is under 5% of the mean volume.

Figure 2

A. Axial FSEIR image demonstrates lobulated scalp plexiform neurofibroma

involving right temporalis muscle and suboccipital soft tissues. The volumetric
measurements are outlined in red.

B. Axial FSEIR image demonstrates right brachial plexus

lesion at level of lower cervical spine. The volumetric measurements are outlined in red.
C. Axial FSEIR image obtained in the prone position demonstrates a large lesion
involving the subcutaneous tissues of the gluteal region. The volumetric measurements

are outlined in red.
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NF1 Deletions in S-100 Protein-Positive and Negative
Cells of Sporadic and Neurofibromatosis 1 (NF1)-
Associated Plexiform Neurofibromas and Malignant
Peripheral Nerve Sheath Tumors

Arie Perry,* Kevin A. Roth,”* Ruma Banerjee,*
Christine E. Fuller,* and David H. Gutmann'

From the Departments of Pathology* and Neurology,!
Washington University School of Medicine, St. Louis, Missouri

Although plexiform neurofibroma (PN) is thought to
represent a benign neoplasm with the potential for
malignant transformation (malignant peripheral
nerve sheath tumor; MPNST), its neoplastic nature
has been difficult to prove due to cellular heterogene-
ity, which hampers standard molecular genetic anal-
ysis. Its mixed composition typically includes
Schwann cells, fibroblasts, perineurial-like cells, and
mast cells. Although NFI loss of heterozygosity has
been reported in subsets of PNs, it remains uncertain
which cell type(s) harbor these alterations. Using a
dual-color fluorescence in situ hybridization and im-
munohistochemistry technique, we studied NFI gene
status in S-100 protein-positive and -negative cell sub-
populations in archival paraffin-embedded speci-
mens from seven PNs, two atypical PNs, one cellular/
atypical PN, and eight MPNSTs derived from 13
patients, seven of which had neurofibromatosis type
1 (NF1). NF1 loss was detected in four of seven PNs
and one atypical PN, with deletions entirely restricted
to $-100 protein-immunoreactive Schwann cells. In
contrast, all eight MPNSTs harbored NFI deletions,
regardless of S-100 protein expression or NF1 clinical
status. Our results suggest that the Schwann cell is the
primary neoplastic component in PNs and that S-100
protein-negative cells in MPNST represent dedifferen-
tiated Schwann cells, which harbor NF1 deletions in
both NF1l-associated and sporadic tumors. (dm J
Pathol 2001, 159:57—-61)

Neurofibroma is defined as a benign nerve sheath tumor
composed of a variable mixture of Schwann, perineurial-
like, and fibroblastic cells, as well as ones with features

intermediate between these various cells.” Additional el-
ements that may be encountered include mast cells,
CD34-immunoreactive cells, melanocytic cells, heterolo-
gous epithelial elements, entrapped axons, ganglion
cells or other native neural, dermal, or soft tissue compo-
nents.' This cellular heterogeneity has made it difficut
to determine whether neurofibromas are neoplastic or
hyperplastic in nature and, if the former, which cell
type(s) are primarily neoplastic. Recognized variants of
neurofibroma include localized cutaneous, diffuse cuta-
neous, localized intraneural, plexiform, and massive soft
tissue forms.' Also, mitotically inactive examples with
increased cellularity and/or pleomorphism are referred to
as cellular and/or atypical neurofibromas or plexiform
neurofibromas, and such cases may be difficult to distin-
guish from low-grade malignant peripheral nerve sheath
tumor (MPNST). The plexiform neurofibroma (PN) is the
only neurofibroma subtype with a significant rate of ma-
lignant transformation (~5%) into MPNST." Because PN
is encountered most commonly in the setting of neurofi-
bromatosis type 1 (NF1), NF7 is a logical candidate tumor
suppressor gene for involvement in PN and MPNST tu-
morigenesis. Recent studies have demonstrated that
~63% of MPNSTs have NF1 or 17q loss of heterozygosity
(LOHY); however, estimates of those genetic alterations in
neurofibromas have ranged from 0 to 57% of cases®~'2
(Table 1). Because most studies have not specified the
growth patterns of their neurofibromas, these widely dif-
fering results likely reflect not only the complex cellular
composition of individual tumors, but also varying sub-
types of neurofibroma being analyzed. For example,
those that have specified neurofibroma subtype have
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Table 1. Repeated Loss of Heterozygosity Studies for NFI in Neurofibromas and Malignant Peripheral Nerve Sheath Tumors

Report (year)

All neurofibromas with NF7 LOH

PNs with NF7 LOH MPNSTs with NF7 LOH

Skuse GR* (1989) 0/11
Legius E® (1993) ND
Lothe RA® (1993) 0/5
Lothe RA7 (1995) 0/8
Colman SD? (1995) 5/22 (23%)
Daschner K® (1997) 1/38 (3%)
Serra E'° (1997) 15/60 (25%)
Kluwe L' (1999) 8/14 (57%)
Rasmussen SA'? (2000) 6/25 (24%)
Total 35/183 (19%)

NS 6/11 (55%)
ND 1/1 (100%)
NS 1/1 (100%)
NS 4/6 (67%)
NS ND
1/5 (20%) ND
NS ND
8/14 (57%) ND
4/10 (40%) 3/5 (60%)
13/29 (45%) 15/24 (63%)

NS, not specified; ND, not done.

reported high rates of LOH in PNs, with only rare LOH in
cutaneous examples.® "2 In contrast to neurofibromas,
MPNSTs are obviously neoplastic and often demonstrate
some degree of Schwann cell differentiation. Given that
some MPNSTs arise from PNs, the Schwann cell is
thought to represent the most likely neoplastic compo-
nent in PNs as well. However, a small minority of MPNSTs
demonstrate perineurial differentiation’ suggesting that
other cell types may be occasionally implicated. Interest-
ingly, none of the perineurial MPNSTSs reported thus far
have been associated with either an underlying neurofi-
broma or the NF1 syndrome.'® Most recently, Schwann
cells have been further implicated in studies finding cy-
togenetic alterations™ and lack of neurofibromin expres-
sion™ in cultured Schwann cells from neurofibromas,
with no detectable alterations from cultured fibroblasts
obtained from the same specimens. However, it is not
clear from these in vitro experiments what selection bi-
ases were introduced by expansion of these cell popu-
lations in culture. In this study, we have performed the
first in situ evaluation of NF7 deletions within intact PNs
and MPNSTSs.

Materials and Methods

Eighteen cases of PN, atypical PN, and MPNST were
retrieved from the archives of the Lauren V. Ackerman
Surgical Pathology Laboratory at the Washington Univer-
sity Medical Center in St. Louis. All available slides were
reviewed, and diagnoses confirmed using current crite-
ria.’ Atypical PNs were defined by the presence of nu-
clear atypia in the absence of significant mitotic activity,
whereas, cellular PNs were defined by hypercellularity in
the absence of significant mitotic activity. A representa-
tive formalin-fixed paraffin-embedded block was se-
lected per case for further study with dual-color immuno-
histochemistry/flucrescence in situ hybridization (FISH).
Sporadic schwannomas were used as disomic (ie, nor-
mal 2 copies) NF1 controls because they contain S-100
protein-positive Schwann cells of similar size and shape
to those typically encountered in neurofibromas and
would not be expected to harbor NF7 deletions. Clinical
records were reviewed, and the diagnosis of neurofibro-
matosis 1 (NF1) was rendered in patients fulfilling Na-
tional Institute of Health (NIH) guidelines.® Most of these

patients have been carefully examined and followed in
the Neurofibromatosis Clinic at Washington University.
Unstained 5-um thick sections were cut onto super-
frost/plus, precleaned glass slides from each paraffin
block. The sections were deparaffinized in CitriSolv
(Fisher, Pittsburgh, PA) and rehydrated in isopropanol
and water. Endogenous peroxidase activity was inhib-
ited by incubation in 3% hydrogen peroxide in phos-
phate-buffered saline (PBS; 10 mmol/L; pH = 7.2) for 5
minutes. Non-specific antibody binding was inhibited
by incubation in PBS-blocking buffer (PBS with 1%
BSA, 0.2% powdered milk and 0.3% Triton X-100) for
20 minutes at room temperature and polyclonal rabbit
anti-S-100 protein antiserum (2311, Dako, Carpinteria,
CA,; 1:50,000 in PBS blocking buffer) was added to the
sections overnight at 4°C. Sections were then washed
in 1X PBS (3 X 5 minutes each) and incubated with
horseradish peroxidase conjugated donkey anti-rabbit

" secondary antibodies (Jackson Immunoresearch Lab-

oratories, West Grove, PA; diluted 1:1000 in PBS-
blocking buffer) for one hour at room temperature.
Antigen-antibody complexes were subsequently de-
tected by direct tyramide signal amplification (Perkin
Elmer Life Sciences, Boston, MA) using cyanine-3 con-
jugated tyramide (tyramide signal aplification plus cya-
nine 3) for 20 minutes at room temperature according
to the manufacturer’s instructions. Slides were washed
in PBS and 2X SSC for 5 minutes each.

Subsequent FISH was performed on the S-100 protein
immunolabeled slides using our previously published
protocol'” and a fluorescein isothiocyanate (FITC)-la-
beled P1 artificial chromosome DNA probe targeting the
exon 28 to 3’ region of the NF7 gene on chromosome
17g11.2 (donated by Dr. Eric Legius, Belgium). The
probe was diluted 1:50 in DenHyb buffer (Insitus, Albu-
querque, NM) and 10 microliters was directly applied to
each tissue section. Probe and target DNA were co-
denatured at 90°C for 13 minutes, followed by overnight
hybridization at 37°C in a humidified oven. The slides
were then washed for 5 minutes with 50% formamide in
1x SSC followed by two more washes of 2x SSC for 5
minutes each. The nuclei were counterstained with DAPI/
Antifade (Insitus). Fluorescent signals were enumerated
under an Olympus B X60 fluorescent microscope with
appropriate filters. Because cytoplasmic borders were



Table 2. Summary of Clinical Cases and FISH Results
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NF1 in S-100~

Case no. Age/sex NF1 status Diagnosis Tumor location NF1 in S-100* cells cells

681 3M Yes PN Eye Deleted Normal
957-A 16 F Yes PN Buttock Deleted Normal
957-B 16 F Yes PN Flank Normal Normal
957-C 16 F Yes PN Scalp Normal Normal
017-A 2F No PN Neck Deleted Normal
017-B 5F No PN Neck Normal Normal
482 8F No PN Ulnar nerve Deleted Normal
795 3F Yes At-PN Perineum Deleted Normal
882-A 24 M Yes At-PN Scalp Gains Normal
147-A 11F Yes Cell-At-PN Thigh Gains Normal
501 13F Yes MPNST Paraspinal Insufficient cells* Deleted
882-B 24 M Yes MPNST Neck Deleted Deleted
147-B 13F Yes MPNST Thigh Deleted, gains Deleted
215 33M Yes MPNST Retroperitoneum Insufficient cells* Deleted
459 62 F No MPNST Brachial plexus Deleted Deleted
566 36 F No MPNST Brachial plexus Deleted Deleted
286 42 F No MPNST Brachial plexus Insufficient cells* Deleted
883 47 M No MPNST Mediastinum Insufficient cells* Deleted

At-PN, atypical plexiform neurofibroma.
* MPNST with too few S-100" cells to enumerate.

often indistinct under fluorescence microscopy, only
cells with immunopositive nuclei (ie, some red fluores-
cence over the nucleus) were scored for NF1 signals in
the evaluation of S-100 protein-positive cellular sub-
sets. However, because cytoplasmic staining was also
frequently observed, only immunonegative (ie, blue)
nuclei with no surrounding red fluorescence were
scored for NF1 signals in the evaluation of S-100 pro-
tein-negative cellular populations. Because the S-100
protein staining sometimes obscured the underlying
NF1 signals when the colors were viewed simulta-
neously, signal enumeration required the consecutive
viewing of individual nuclei under each single-pass
filter (ie, blue, red, and green).

Given the truncation artifact (ie, fewer signals in sec-
tioned nuclei with incomplete DNA complement) associ-
ated with thin tissue FISH, cutoffs for genetic alterations
were based on results from four control hybridizations
(see above). The cutoff for NF7 gene deletion was based
on the mean percentage of nuclei with one signal in
controls plus two standard deviations. Because nuclei
with >2 signals were never seen in these controls, NF7
(17qg) polysomy (gain) was arbitrarily defined as >5%
nuclei with three or more FISH signals.

Results

The clinical features, tumor diagnoses, and FISH results
are summarized in Table 2. There were 18 tumors ob-
tained from 13 patients, 7 of which had diagnostic fea-
tures of NF1. The seven PNs, two atypical PNs, and one
cellular/atypical PN came from five female and two male
patients ranging in age from 2 to 24 years of age (median
8 years). All but two (017 and 482) fulfilled criteria for
NF1. Given the young ages of these two patients, how-
ever, it seems likely that they either represent mosaic
forms of NF1 or as of yet undiagnosed NF1 in young
individuals with insufficient clinical criteria to warrant a

definitive diagnosis. The NF1-associated MPNST patients
consisted of two males and two females ranging in age
from 13 to 33 years (median 18.5 years). The sporadic
MPNSTs were derived from one male and three female
patients ranging in age from 36 to 62 years (median 44.5
years). One of the NF1-associated and one of the spo-
radic MPNSTs had rhabdomyoblasts (ie, Triton tumor).
Three of the sporadic MPNSTs were probably radiation-
induced sarcomas based on clinical history (radiation for
prior breast cancer or Hodgkin's disease).

Representative examples of dual immunohistochemis-
try/FISH results are illustrated in Figure 1. Control sec-
tions demonstrated 1 NF7 signal in 27 to 40% of nuclei.
Based on the mean (35%) plus 2 standard deviations
(12%), a cutoff of >47% nuclei with one signal was es-
tablished for NF7 deletion. These results are similar to
those obtained using other DNA FISH probes in our lab-
oratory on thin paraffin sections from non-neoplastic con-
trols (data not shown). The fraction of cells with one NF7
signal ranged from 50 to 93% (median 67%) in popula-
tions interpreted as deleted versus 14 to 39% (median
27%) in populations interpreted as nondeleted. NF7 de-
letion was detected within the S-100 protein-positive cel-
lular populations of four (57%) PN and one (33%) atypical
PN (Table 2). The S-100 protein-negative populations
from these same tumors were disomic (normal 2 copies).
Four of the MPNSTs had too few S-100 protein-positive
cells to determine NF1 status within this subset of tumor
cells. However, NF1 deletion was found in the S-100
protein-negative cells of these same cases (Table 2). The
remaining four MPNSTs demonstrated NF7 deletion in
both the S-100 protein-positive and -negative compo-
nents. Polysomies (gains with 3 to 4 signals per nucleus)
of NF1 were identified in subpopulations of S-100 protein-
positive cells of one atypical PN, one cellular/atypical PN
and one MPNST. These cells likely represent polyploid or
aneuploid clones within these tumors.
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Figure 1. Representative examples of dual $-100 protein immunohistochemistry and NFI FISH hybridization. A: Low-power image from a control schwannoma,
demonstrating relatively diffuse S-100 protein immunoreactivity (red). As is typical of this antibody, some of the staining is cytoplasmic and some is nuclear. B:
At higher magnification, two S-100 protein-positive cells demonstrate the normal disomic state, with two copies of NFI (green signals) per nucleus. C: Two
adjacent nuclei from a representative plexiform neurofibroma (case 957-A) are shown. The nucleus on the right demonstrates S-100 protein immunoreactivity and
only a single NF7 signal, whereas the nucleus on the left is 5-100 protein-negative with the normal disomic NF1 dosage. Hybridization counts from this case
revealed one NFI signal in 67% of S-100 protein-positive versus 27% of S-100 protein-negative nuclei. This is consistent with a gene deletion that is restricted to
the $-100 protein-positive population of cells. D: This $-100 protein-negative region of an MPNST (case 566) demonstrated one NFI signal in 93% of nuclei,
consistent with deletion. $-100 protein-positive regions of the same tumor similarly showed evidence of deletion (not illustrated).

Discussion

Using a dual-color FISH-immunohistochemical method,
we have demonstrated, for the first time, NF7 gene copy
numbers in S-100 protein-positive versus -negative cellu-
lar populations in PNs and MPNSTs. One of the primary
advantages of this technique is that it is applied in situ
with preserved tissue morphology. In this fashion, some
entrapped native tissue elements, such as uninvolved
nerve fascicles and infiltrated fat, skeletal muscle, sweat
glands, etc can easily be excluded from genetic analysis.
Our results provide the most conclusive evidence thus far
that the S-100 protein-positive Schwann cell is the pri-
mary target for NF7 deletions in PNs, both typical and
atypical subsets. Furthermore, it adds support to the
growing body of literature suggesting that most, if not all
PNs are neoplastic, rather than hyperplastic in na-
ture® 11121415 Because some of our cases, and many of
those in the literature, harbor no detectable genetic alter-
ations, however, we cannot exclude the possibility that a
subset of PNs, and perhaps most cutaneous neurofibro-
mas, are in fact, hyperplastic or hamartomatous. Alterna-
tively, these cases may harbor inactivating mutations
beyond the resolution of FISH or LOH, involve alterations
of other genes besides NF7, or consist of tumors with
minute neoplastic clones that induce an overshadowing

reactive process including non-neoplastic fibroblasts,
perineurial-like cells, native intraneural Schwann cells,
etc. Further resolution of these issues will likely require
sophisticated screening techniques capable of detecting
genetic alterations within individual cells.

Another interesting finding in our study was the prev-
alence of NF1 deletion in MPNSTSs, regardless of S-100
protein expression or NF1 status. The simplest interpre-
tation is that S-100 protein-negative tumor cells within
MPNSTs represent dedifferentiated Schwann cells that
still harbor NF7 deletion. In other words, the loss of NF7
represents an early tumorigenic event that is still detect-
able in high-grade neoplastic clones no longer manifest-
ing immunohistochemical evidence of Schwann cell dif-
ferentiation. The finding of divergent epithelial and/or
mesenchymal differentiation in some MPNSTSs (eg, Triton
tumors) and complete lack of S-100 protein expression in
others would further support this dedifferentiation hypoth-
esis. In any case, only a few MPNSTs have been genet-
ically characterized in terms of NF1. Reported LOH stud-
ies have been largely limited to examples from NF1
patients (Table 1),*="-'2 where NFT loss has been com-
mon. In a small cytogenetic study by Rao and col-
leagues,’” monosomy was identified in one of four spo-
radic MPNSTSs, suggesting that NF7 may be implicated in




some of these cases as well."® Gémez and colleagues
found no mutations in nine sporadic MPNSTs within the
GAP-related domain by polymerase chain reaction/sin-
gle-strand conformational polymorphism.'® However, this
was a fairly limited screening and additional studies are
obviously needed with larger numbers of both sporadic
and NF1-associated examples.

References

1.

Scheithauer BW, Woodruff JM, Erlandson RA (eds): Neurofibroma.
Tumors of the peripheral nervous system. Atlas of Tumor Pathology,
third series, fascicle 24. Washington, DC, Armed Forces Institute of
Pathology 1999, pp 177-218

. Khalifa MA, Montgomery EA, Ismiil N, Azumi N: What are the CD34+

cells in benign peripheral nerve sheath tumors? Double immunostain-
ing study of CD34 and S-100 protein. Am J Clin Pathol 2000, 114:
123-126

. Fetsch JF, Michal M, Miettinen M: Pigmented (melanotic) neuro-

fibroma: a clinicopathologic and immunohistochemical analysis of 19
lesions from 17 patients. Am J Surg Pathol 2000, 24:331-343

. Skuse GR, Kosciolek BA, Rowley PT: Molecular genetic analysis of

tumors in von Recklinghausen neurofibromatosis: loss of heterozy-
gosity for chromosome 17. Genes Chromosomes Cancer 1989,
1:36-41

. Legius E, Marchuk DA, Collins FS, Glover TW: Somatic deletion of the

neurofibromatosis type 1 gene in a neurofibrosarcoma supports a
tumour suppressor gene hypothesis. Nat Genet 1993, 3:122-126

. Lothe RA, Saeter G, Danielsen HE, Stenwig AE, Heyheim B, O'Connell

P, Berresen A-L: Genetic alterations in a malignant schwannoma from
a patient with neurofibromatosis (NF1). Path Res Pract 1993, 189:
465-471

. Lothe RA, Slettan A, Saeter G, Bragger A, Barresen A-L, Nesland JM:

Alterations at chromosome 17 loci in peripheral nerve sheath tumors.
J Neuropatho! Exp Neurol 1995, 54:65-73

. Colman SD, Williams CA, Wallace RW: Benign neurofibromas in type

1 neurofibromatosis {(NF1) show somatic deletions of the NF1 gene.
Nat Genet 1995, 11:90-92

10.

11.

12.

14.

15.

16.

17.

18.

19.

NF1 Deletions in Plexiform Neurofibromas 61
AJP July 2001, Vol. 159, No. 1

. Daschner K, Assum G, Eisenbarth |, Krone W, Hoffmeyer S, Wort-

mann S, Heymer B, Keher-Sawatzki H: Clonal origin of tumor cells in
a plexiform neurofibroma with LOH in NF1 intron 38 and in dermal
neurofibromas without LOH of the NF1 gene. Biochem Biophys Res
Commun 1997, 234:346-350

Serra E, Puig S, Otero D, Gaona A, Kruyer H, Ars E, Estivill X, Lazaro
C: Confirmation of a double-hit mode! for the NF1 gene in benign
neurofibromas. Am J Hum Genet 1997, 61:512-519

Kluwe L, Friedrich RE, Mautner VF: Allelic loss of the NF1 gene in
NF1-associated plexiform neurofibromas. Cancer Genet Cytogenet
1999, 113:65-69

Rasmussen SA, Overman J, Thomson SAM, Colman SD, Abernathy
CR, Trimpert RE, Moose R, Virdi G, Roux K, Bauer M, Rojiani AM,
Maria BL, Muir D, Wallace MR: Chromosome 17 loss-of-heterozygos-
ity studies in benign and malignant tumors in neurofibromatosis type
1. Genes Chromosomes Cancer 2000, 28:425-431

. Hirose T, Scheithauer BW, Sano T: Perineurial malignant peripheral

nerve sheath tumor (MPNST): a clinicopathologic, immunohistochem-
ical, and ultrastructural study of seven cases. Am J Surg Pathol 1998,
22:1368-1378

Wallace MR, Rasmussen SA, Lim [T, Bray BA, Zori RT, Muir D: Culture
of cytogenetically abnormal Schwann cells from benign and malig-
nant NF1 tumors. Genes Chromosomes Cancer 2000, 27:117-123
Rutkowski JL, Wu K, Gutmann DH, Boyer PJ, Legius E: Genetic and
cellular defects contributing to benign tumor formation in neurofibro-
matosis type 1. Hum Mol Genet 2000, 9:1059-1066

Gutmann DH, Aylsworth A, Carey JC, Korf B, Marks J, Pyeritz RE,
Rubenstein A, Viskochil D: The diagnostic evaluation and multidisci-
plinary management of neurofibromatosis 1 and neurofibromatosis 2.
J Am Med Assoc 1997, 278:51-57

Cai DX, James CD, Scheithauer BW, Couch FJ, Perry A: PS6K am-
plification characterizes a small subset of anaplastic meningiomas.
Am J Clin Pathol 2001, 115:213-218

Rao UNM, Surti U, Hoffner L, Yaw K: Cytogenetic and histologic
correlation of peripheral nerve sheath tumors of soft tissue. Cancer
Genet Cytogenet 1996, 88:17-25

Goémez L, Barrios C, Kreicbergs A, Zetterberg A, Pestafia A, Cas-
tresana JS: Absence of mutation at the GAP-related domain of the
neurofibromatosis type 1 gene in sporadic neurofibrosarcomas and
other bone and soft tissue sarcomas. Cancer Genet Cytogenet 1995,
81:173-174



Appendix C

35



SYMPOSIUM: New Molecular Methodologies in Diagnostic and Investigational Neuropathology

Fluorescence In Situ Hybridization (FISH) in
Diagnostic and Investigative Neuropathology

Christine E. Fuller, MD; Arie Perry, MD

Division of Neuropathology, Washington University School of
Medicine, St. Louis, Mo.

Over the last decade, fluorescence in situ
hybridization (FISH) has emerged as a powerful clin-
ical and research tool for the assessment of target
DNA dosages within interphase nuclei. Detectable
alterations include aneusomies, deletions, gene
amplifications, and translocations, with primary
advantages to the pathologist including its basis in
morphology, its applicability to archival, formalin-
fixed paraffin-embedded (FFPE) material, and its
similarities to immunohistochemistry. Recent tech-
nical advances such as improved hybridization pro-
tocols, markedly expanded probe availability result-
ing from the human genome sequencing initiative,
and the advent of high-throughput assays such as
gene chip and tissue microarrays have greatly
enhanced the applicability of FISH. In our lab, we
currently utilize only a limited battery of DNA probes
for routine diagnostic purposes, with determination
of chromosome 1p and 19q dosage in oligoden-
droglial neoplasms representing the most common
application. However, research applications are
numerous and will likely translate into a growing list
of clinically useful markers in the near future. In this
review, we highlight the advantages and disadvan-
tages of FISH and familiarize the reader with current
applications in diagnostic and investigative neu-
ropathology.

Brain Pathol 2002;12:67-86

Introduction

Although in situ hybridization (ISH) has been around
for over 30 years (53, 84), its application to the study of
DNA alterations in solid tissue has only recently
become popular. Unique among molecular techniques
due to its morphologic basis, it involves direct micro-
scopic visualization of probe-specific, intranuclear sig-
nals utilizing either chromogenic (CISH) or fluores-
cence (FISH) detection. Given that nuclei in any phase
of the cell cycle may be analyzed and metaphase chro-
mosomes are not required for interpretation, this tech-
nique has also been referred to as interphase cytogenet-
ics. In clinical laboratories, it is currently utilized most
often for either prenatal detection of germline alter-

ations (eg, aneusomy or microdeletion syndromes) or
the detection of somatic cancer-associated alterations
that have known diagnostic, prognostic, or therapeutic
implications. In neuropathology, the oncology-associat-
ed application has predominated, though the former may
also be useful, since a number of cytogenetic disorders
are associated with CNS manifestations. In essence,
FISH provides data on intranuclear target DNA local-
ization and copy number. Therefore, with the exception
of some sex-chromosome determinations, two signals
per nucleus would normally be expected and four com-
mon alterations are amenable to detection: aneusomy
(gain or loss of a chromosome or chromosomal region),
gene deletion, amplification, and translocation. The
objective of this review is to provide the reader with
detailed background into the FISH assay, its appropriate
applications, and its utility in diagnostic and investiga-
tive neuropathology. The first portion covers technical
considerations, while the second demonstrates specific
applications, focusing primarily on CNS tumors.

Simple, 1HC-like protocol: ™ L Limit§d to dete
Applicable to FFPE tissue:.#% " ... Signal fading » :
“Dual or multicolor analyses possible - : Linited: number of commerciéi‘j;irobes"
“No culture or. pfolifefation requirements ~ Tissue sample variability

:'Palie,n:tf_s norrhai cells not required.,
High ééﬁsitivi\y and specificity

g large alferations i+

. Cytologic artifacts

:IHC =immunchistachemistry, FFPE = formalin-fixed, parafﬁn-emb_:e_gded, “though
the ability‘to obtairi homemade probes is no longer limited (see discussion in text):

Table 1. Advantages and disadvantages of FISH analysis.

Advantages, limitations, and artifacts of FISH
analysis. The major pros and cons of FISH analysis are
summarized in Table 1. FISH is applicable to a variety
of specimen types, including fresh or frozen tissue,
cytologic preparations, and formalin-fixed paraffin-
embedded (FFPE) tissue. The latter provides a particu-
larly rich source of archival material and may be per-
formed using either thin (4-6 pm) sections, such as
those cut for immunohistochemistry or intact nuclei
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Figure 1. Morphologic preservation is evident in these low-
power images from a case of combined meningioma/menin-
gioangiomatosis (MA) studied by FISH analysis. The menin-
gioma is evident in the right lower corner of (A), whereas the
spindled, perivascular cells of MA are easily distinguishable
from the intervening neuroglial tissue in (B).

extracted from thick sections (eg, 50 pm), such as those
normally prepared for flow cytometry. Although adjust-
ments must be made for nuclear truncation (see below),
we prefer the thin sections because it preserves archi-
tecture, is simpler to prepare, and wastes less tissue.
For pathologists, morphologic preservation is a dis-
tinct advantage, particularly attractive for studies on het-
erogeneous tissue samples without the need for
microdissection. One example is illustrated in Figure 1,
where FISH was performed on a case of meningioan-
giomatosis (MA) in association with meningioma. Due
to the morphologic preservation, it was possible to sep-
arately enumerate signals from meningioma cells,
perivascular MA cells, and intervening neuroglial cells,
all on a single slide. The detection of identical genetic
alterations in the meningioma and MA suggested that
both elements were neoplastic and arose from a single

clone (165). The lack of any alterations in the interven-
ing neuroglial cells further suggested that these repre-
sent entrapped non-neoplastic elements, thus providing
a useful internal control. Such analyses would be sub-
stantially more difficult to achieve utilizing any other
molecular techniques. Another morphologically hetero-
geneous tumor where FISH has been similarly applied is
the gliosarcoma (23, 122). The finding of identical
genetic alterations in both components refuted the
notion of a collision tumor and supported the hypothesis
that both elements originate from a single clone, with
the mesenchymal component arising from metaplasia.

An extension of this morphologic advantage comes
from the possibility of combining FISH with immuno-
histochemistry, wherein separate counts are rendered in
immunopositive and negative cells. For example, this
approach was required to demonstrate numerical chro-
mosomal alterations in the CD30-positive Reed-Stern-
berg cells of Hodgkin’s lymphoma (118). Because these
neoplastic cells typically constitute only a minor frac-
tion of the lymphoid population, clonal alterations are
not amenable to detection by “averaging” techniques
such as flow cytometry and PCR. Using this dual FISH-
immunohistochemistry approach, we similarly demon-
strated that NFI deletions are restricted to the S-100
protein positive, Schwann cell elements of the cellular-
ly and immunophenotypically heterogeneous plexiform
neurofibroma (130).

Another distinct advantage to neuropathologists is
the similarity of FISH to immunohistochemistry, which
is already familiar and widely applied in pathology lab-
oratories. In many ways, the techniques are analogous,
except that FISH utilizes DNA probes, rather than anti-
bodies. Unlike the typical qualitative or semiquantita-
tive immunohistochemical interpretation schemes (eg,
+/- or 0-3+), FISH provides quantitative results and is
therefore more objective. Such comparisons have
become particularly evident in recent assessments of
Her-2/neu status in breast cancer (121, 183).

In comparison to classic metaphase cytogenetics (i,
karyotyping), FISH has several advantages, most impor-
tantly, the lack of requirements for mitotically active
cells and culturing. Given that only the cells capable of
proliferating in vitro are assessable on karyotype, there
can be significant growth selection biases, including
overgrowth of non-neoplastic elements, particularly
when analyzing benign or low-grade neoplasms. An
example of this drawback was the virtual absence of any
Ip or 19q deletions reported in early karyotypes of
oligodendrogliomas (16, 61, 82, 180), compared with 60
to 70% losses of these chromosomal arms by later stud-
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ies utilizing loss of heterozygosity (LOH) or FISH (10,
90, 143, 167). On the other hand, FISH is not a genom-
ic screening tool, only providing a more targeted
approach for alterations that have been initially identi-
fied by more global assessments, such as conventional
cytogenetics, comparative genomic hybridization
(CGH), or gene expression microarray chips.

In terms of sensitivity and resolution, FISH is better
than karyotyping and CGH, but worse than PCR-based
assays for detecting small alterations. The former is lim-
ited to alterations of several Mb in size, whereas the lat-
ter can be designed to detect even single base mutations.
Since FISH probes are typically at least 30 Kb in size,
alterations need to be equally large for reliable detec-
tion. For this reason, FISH cannot detect small intra-
genic mutations and this technique is best reserved for
alterations that occur at the “cytogenetic” level. PCR is
also more sensitive than FISH for the detection of
abnormal fusion transcripts resulting from transloca-
tions, picking up as few as one per million cells. This is
particularly useful when attempting to detect “minimal
residual disease” or early recurrence, though the biolog-
ic relevance of such small fractions is not always clear
and it is possible that in certain situations, PCR is “too
sensitive”. In contrast, FISH is more sensitive than PCR
at identifying gene deletions or amplifications from
samples of mixed cellularity, such as neoplasms with
clonal heterogeneity or contaminating non-neoplastic
elements (129). It is estimated that sample purity must
reach at least 70% tumor for such quantitative PCR-
based assays and this is sometimes difficult to achieve in
highly infiltrative neoplasms, such as gliomas. FISH, on
the other hand, can identify amplification in as few as
5% and deletion in 15 to 30% of cells within a sample.

In comparison to LOH studies using microsatellite
markers, FISH results are often similar, but not identical
and each has its advantages and disadvantages. A com-
mon misconception is to equate the two techniques, stat-
ing that “FISH demonstrated LOH” for a region of inter-
est. Since FISH measures absolute copy number rather
than allele status, such a statement is inaccurate.
Although LOH most often results from simple deletion,
this is not always the case. For example, mitotic recom-
bination of chromosome 17p may lead to loss of the
wild type p53 allele and duplication of the mutated
allele. Although one “allele” (maternal or paternal)
would be lost in this scenario (ie, LOH), there would
still be two copies of the p53 gene, simulating the nor-
mal situation on FISH analysis. This was in fact, found
to be the most common mechanism for p53 inactivation
in gliomas (79) and therefore, FISH is not a suitable

Figure 2. Examples of common deletions detected by dual-
color FISH of a high-grade astrocytoma tissue microarray
(TMA). Monosomy 10 was diagnosed in (A) with only one
PTEN (green) and one DMBT1 (red) signal evident in most
nuclei. The case in (B) was interpreted as having polysomy 9
(green) and homozygous p16 deletion (red), since >2 CEP9
and no red signals were seen per nucleus, except within
endothelial cells that provided an internal contro! (not shown).

assay for detecting this type of loss (125). Another
advantage of the LOH studies is the ease of evaluating
large numbers of markers spanning the entire length of
a chromosome or chromosomal arm. However, as
emphasized above, morphologic correlation is not pos-
sible unless regions of interest are microdissected first.
LOH also requires matching germline DNA from the
patient’s leukocytes or microdissected normal tissue and
this is not always available.

Another recent application of FISH is high-through-
put analysis via tissue microarray (TMA). This technol-
ogy takes advantage of multispecimen paraffin blocks
constructed from up to 1000 0.6-mm neoplastic, non-
neoplastic, and control tissue cores of interest. There-
fore, hundreds of specimens can be simultaneously
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evaluated on a single slide using TMA-FISH, markedly
increasing efficiency and reducing data acquisition time,
probe, reagent, and storage space requirements. A
recently popularized approach is to initially screen a
small number of tumors with gene expression profiling
and then verify the resulting candidate genes in a large
number of tumors, utilizing TMA-immunohistochem-
istry and TMA-FISH (116, 149). Recent TMA studies
have shown excellent morphologic, antigenic, and
genomic preservation with high levels of concordance
compared to the traditional whole slide approach (34,
72, 88, 116, 157). Since each core is quite small, sam-
pling bias is a real concern for heterogeneous tumors,
such as gliomas. However, this problem is minimized if
a neuropathologist carefully selects 2 to 3 representative
regions per donor block. Figure 2 illustrates sample
hybridizations from a glioma TMA, constructed at M.D.
Anderson and recently analyzed by FISH in our lab
(51). For gene amplifications, TMA-FISH is particular-
ly appealing, since interpretations are rapid, typically
requiring only seconds per tissue core. For aneusomies
and deletions, manual signal counts still remain tedious
and time consuming, though automated spot counting
software is currently under development and promises
to further increase the efficiency of this technique.

As already discussed in part, recent technical
advances have greatly enhanced the applicability of
FISH. However, a number of limitations remain. One of
the main disadvantages of FISH as a clinical tool is sig-
nal fading. By storing hybridized slides in a freezer and
avoiding prolonged exposure to light, hybridization sig-
nals remain visible for up to a year. However, a perma-
nent record is not currently possible, unless chro-
mogenic detection is used. Unfortunately, multicolor
CISH is not as simple as multicolor FISH and currently
available chromogens lack the spectral versatility, sensi-
tivity and spatial resolution attainable with fluo-
rochromes. Some are currently working on alternatives
by developing non-fading fluorochromes (Bobrow MN
and Roth KA; US patent pending) or improved proto-
cols for multicolor CISH (173). Alternatively, software
solutions now make it possible to archive high volume
FISH results through digital imaging.

Other limitations include a variety of artifacts, par-
ticularly common in brain tissue sections. It is for this
reason that while the FISH protocol itself is often mas-
tered quickly, interpretation requires significantly more
experience. Most troublesome are truncation artifacts,
aneuploidy, autofluorescence, and partial hybridization
failure. Truncation artifact refers to the underestimation
of target copy numbers due to incomplete DNA comple-

ments in transected nuclei. Therefore, it is important to
include controls cut at the same thickness. In our lab, we
usually set cutoffs for deletion based on median per-
centages of control nuclei with <2 signals plus 3 stan-
dard deviations. However, a number of other approach-
es have also been applied and are acceptable.

Aneuploidy and polyploidy are particularly common
in malignant neoplasms and can result in confusing sig-
nal counts. The assessment of multiple targets is most
informative in such situations. Although the simplest
approach is to interpret absolute losses (<2 copies) and
gains (>2 copies), one may opt to delineate “relative”
losses and gains compared with a reference ploidy,
obtained either by flow cytometry or the assessment of
multiple chromosomes by FISH. For example, the find-
ing of 3 copies would be considered a relative gain in a
diploid tumor, normal in a triploid tumor, and a relative
loss in a tetraploid tumor. Lastly, one may combine a
centromere and locus-specific probe from a single chro-
mosome and determine their ratios. For example, cells
with 4 chromosome 9 centromeres and 2 copies of the
pl6 region on 9p21 would be interpreted as having
polysomy 9 and a hemizygous pl6 deletion. A similar
tumor with 4 centromere and no pl6 signals would be
interpreted as polysomy 9 with homozygous pl6 dele-
tion. Similarly, cells with 6 copies of EGFR might be
interpreted as low-level amplification if there were only
2 chromosome 7 centromeres, but would represent
polysomy 7 without gene amplification if there were 6
centromeres.

Autofluorescence is a particularly pesky problem in
the brain, where it is often encountered in abundance.
Since autofluorescent tissue fragments are typically
larger and more irregular than true signals, they can
often be disregarded. However, some fragments present
at just the right size to simulate signals. In this case, the
use of multiple filters is helpful, since autofluorescence
will typically appear on both green and red filters,
whereas true signals only fluoresce under one or the
other. The problem of partial hybridization failure can
be minimized by counting only in regions where the
majority of cells have clear signals.

FISH assays. Anumber of FISH protocols have been
published and vary depending on individual preferences
and specimen type. In general, the simpler protocols are
preferable, since they require less hands on time, have
fewer steps in which errors may be introduced, and are
easier to troubleshoot. The basic steps are similar to
those of immunohistochemistry and include deparaf-
finization, pretreatment / target retrieval, denaturation of
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Figure 3. Example of tyramide signal amplification (TSA)-FISH. Routine FISH analysis for a FITC-labeled ber probe at 1:50 dilution
yielded small, weak signals in this medulloblastoma (A). TSA-FISH at 1:200 probe dilution using HRP-conjugated anti-FITC antibody
and cyanine 3-tyramide converted the green signals into larger, brighter red signals (B). The TSA+ amplification kit with a 1:800 probe
dilution yielded similar results with less background (C). A control slide with omission of the ber probe yielded no signals and little
background staining (D).

probe and target DNA, hybridization (usually
overnight), post-hybridization washes, detection, and
microscopy/imaging. This is typically a 2-day assay,
which requires roughly 3 to 4 hours the first day and 30
minutes the second day. Alternatively, same day proto-
cols are possible with robust probes and automated sys-
tems are now available to reduce the required tech time
to a minimum (eg, http://www.vysis.com, http://www.
ventanamed.com).

A few technical caveats should be kept in mind. Sim-
ilar to immunohistochemistry, microwave or heat-
induced target retrieval often works better than chemical
forms of pretreatment and significantly improves
hybridization efficiency (69, 129, 162). When this step
is included, protein digestion may often be reduced or
eliminated altogether. Nevertheless, optimal pretreat-

ment and digestion varies from one specimen to anoth-
er, depending on methods of fixation/processing. We
have also found that some hybridization buffers are sig-
nificantly more efficient than others and therefore work
with lower probe concentration requirements (eg, Den-
Hyb from Insitus, http://www.insitus.com). This is par-
ticularly useful when utilizing expensive commercial
probes, because they may last 5 to 20 times as long as
they would when using the manufacturers recommend-
ed dilutions. Lastly, a variety of amplification steps are
available for cases with weak signals. However, we
have rarely found this necessary and in our lab, we pre-
fer the simpler protocol and cleaner background associ-
ated with directly labeled fluorochrome probes (eg,
FITC, rhodamine), in contrast to indirectly labeled
probes (eg, digoxigenin, biotin) that require an addition-
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al step (eg, fluorochrome-labeled secondary antibody)
with or without further amplification. Nevertheless, dra-
matic levels of signal amplification are now achievable,
particularly with tyramide signal amplification (TSA) or

catalyzed reporter deposition (CARD) (108, 153, 173,

174, 188). This technique takes advantage of peroxi-
dase-mediated deposition of haptenized tyramine mole-
cules, not only in the precise site of hybridization, but
also in the nearby vicinity. This results in increases of
signal size and up to 1000-fold or greater amplification
(Figure 3). Although one possible application is marked
reductions of probe concentration requirements, the
more exciting potential is the use smaller probes, per-
haps down to the level of 1 Kb or less (158). Therefore,
TSA could potentially increase the sensitivity for small
alterations, such as those detectable by PCR, while
maintaining the morphologic advantage of FISH.

Types of FISH probes and probe development. A
number of different probe types are currently available
for FISH. Centromere enumerating probes (CEPs) were
among the first to be developed and are ideal for detect-
ing whole chromosome gains and losses, such as mono-
somy, trisomy, and other polysomies. Because they tar-
get highly repetitive 171 bp sequences of a-satellite
DNA, they are associated with excellent hybridization
efficiencies and typically yield large, bright signals.
However, sequence similarities in some pericentromeric
regions result in cross-hybridization artifacts. Because
of the inevitable cross-hybridization between cen-
tromeres 13 and 21 or between centromeres 14 and 22,
these CEPs have been previously utilized as probes with
4 expected signals rather than 2. Today, a better solution
is to use locus-specific or painting probes (see below) to
enumerate these individual chromosomes. Anecdotally,
we have also encountered cross-hybridization problems
with CEP9, though the non-specific signals are usually
dimmer and the utilization of either more stringent
washes or lower probe concentrations sometimes
resolves this problem. Also, an interesting phenomenon
in non-neoplastic brain is that certain chromosomes are
packaged into interphase nuclei with paired centromeres
in close proximity, a concept referred to as somatic pair-
ing (3, 5, 39, 125). This is most dramatic with CEP17,
but may be encountered to a lesser extent with other
centromeres as well, including CEP1 and CEPS.
Because of this close proximity, FISH yields an unex-
pected fraction of cells harboring a single large signal
rather than 2 smaller ones, an artifact that could poten-
tially lead to overinterpretation of monosomy. This
somatic pairing is typically not encountered in brain

neoplasms, such as gliomas. Therefore, interpretations
with these CEPs are more difficult, if utilizing normal
brain controls to establish cutoffs for monosomy.
Despite these technical limitations, CEPs remain
extremely useful for detecting aneusomies and are still
among the best FISH probes available. The presence of
similarly repetitive DNA sequences in subtelomeric
regions has now led to the development of commercial-
ly available telomere probes for each chromosomal arm
as well (eg, http://www.vysis.com).

Another chromosome-specific probe is the whole
chromosome paint (WCP), in which a cocktail of DNA
fragments is created to target all the non-repetitive DNA
sequences in an entire chromosome. Because they cover
such a large region of DNA, they yield more diffuse sig-
nals in interphase nuclei and are primarily utilized on
metaphase spreads for resolving complex structural
alterations. However, some of the smaller, acrocentric
chromosomes yield sufficiently discrete signals that
enumeration is possible in interphase nuclei. The WCPs
also form the basis for advanced applications such as
spectral karyotyping (SKY) and M-FISH, where each
chromosome is painted with its own unique mixture of
fluorescent colors. In contrast, another advanced appli-
cation, comparative genomic hybridization (CGH), uti-
lizes entire genomes as the “probe.” Genomic tumor
DNA is labeled in one color, normal DNA is labeled in
another color, and equal quantities of both are competi-
tively hybridized to a normal human metaphase in order
to screen for regions of relative tumoral losses and
gains. These techniques are beyond the scope of this
paper and the interested reader is referred to recent
reviews (9, 80, 120, 197).

Today, some of the most versatile and commonly
used FISH probes are the locus-specific (LSI) or gene-
specific probes. As the names imply, these probes target
specific regions of interest and utilize single copy rather
than repetitive DNA sequences. Therefore, in order to
yield signals large enough to be detected in tissue sec-
tions, the probe typically needs to be at least 30 Kb in
size. The largest FISH probes are often >1 Mb and most
fall into the 100 to 300 Kb range. Until recently, com-
mercially available LSI probes have been extremely
limited in scope. Therefore, cloning vectors have been
exploited for creating homemade FISH probes, includ-
ing cosmids, bacterial artificial chromosomes (BACs),
P1 artificial chromosomes (PACs), and yeast artificial
chromosomes (YACs). Whereas in the past, this
required a rather lengthy and tedious screening of vec-
tor libraries with PCR primers, the recent human
genome initiative and mapping of entire BAC libraries
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has enabled rapid internet screening, utilizing DNA
sequences of interest, gene names, or physical maps of
chromosomes (eg, http://genome.ucsc.edu, http://gdb-
www.gdb.org). Similarly, mapped BAC clones spread
throughout the human genome at 1-Mb intervals have
also become available (http.//www.resgen.com). There-
fore, it is now relatively simple to obtain a BAC clone
localizing to virtually any region of interest, label the
DNA with commercially available kits, and utilize it as
a FISH probe. This recent development should greatly
enhance the applicability of FISH to investigative neu-
ropathology.

Utility of FISH in Tumor Neuropathology

To our knowledge, the first studies utilizing FISH in
normal and neoplastic brain specimens were those of
Armnoldus and colleagues (3-6). They showed that FISH
was a sensitive method for detecting the aneusomies
commonly reported by karyotyping and described the
unusual phenomenon of somatic pairing for the chro-
mosome 1 and 17 centromeres. Although we are still in
the relatively early stages of genetically characterizing
CNS and PNS tumors, subsequent studies have greatly
expanded these initial findings, disclosing a number of
relatively tumor-specific, progression-associated, and/or
prognostically relevant alterations. Individual tumor
markers are discussed below, according to diagnostic
category.

In terms of clinical utility, FISH is currently incorpo-
rated into only a small number of diagnostic neu-
ropathology labs, though there has been a growing inter-
est as the awareness of this technique’s potential
increases. For example, over the past 2 years, we have
performed FISH on well over 100 in-house and consul-
tation cases in our own lab and the increasing volume is
evident in the fact that nearly half of these have been
performed over the last 6 months. In our surgical neu-
ropathology practice, we have utilized FISH mostly for
chromosome 1p and 19q assessment in oligodendroglial
tumors (see below and Table 2). However, other clini-
cally useful markers thus far have included EGFR for
small cell astrocytoma versus oligodendroglioma (Fig-
ure 4), 22q assessment for medulloblastoma/PNET ver-
sus AT/RT and various meningioma-associated markers
(eg, NF2, DAL-1) for either anaplastic dural-based neo-
plasms of uncertain histogenesis or small meningothe-
lial proliferations of reactive versus neoplastic nature.

Astrocytomas. Of all the CNS tumor types, astrocy-
tomas have been the most thoroughly studied in terms of
molecular pathogenesis and the reasons for this interest

Figure 4. This recently encountered high-grade glioma har-
bored small, relatively uniform cells with a rich capillary net-
work, microcalcifications, and a high mitotic index (A). FISH
analysis revealed polysomy 7 (green) with EGFR amplification
(red) (B). This finding and the lack of 1p and 19q deletions sup-
ported the diagnosis of small cell astrocytoma rather than
anaplastic oligodendroglioma.

: Diagnosis : o
Oligodendroglioma -V (N=47) - 1 "62% -
MOA or Glioma; NOS IV, (N=48) 1 17%

= Astrocytoma IV (N =8) 0%

MOA = mixed oligoal

recently diagnosed gliomas.

are readily apparent to neuropathologists. Astrocytomas
are among the most common and most lethal CNS pri-
maries, with adequate therapies generally lacking. Fur-
thermore, although they are stratified largely based on
histologic grade and patient age, these parameters do not
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fully account for the wide biologic variability encoun-
tered clinically. Therefore, a genetic classification
scheme could provide the basis for targeted molecular
therapeutic approaches and serve as an ancillary diag-
nostic and prognostic tool. Since most currently known
astrocytoma-associated alterations are readily detectable
by FISH (eg, Figures 2, 4), this technique may play an
important role as such assessments become incorporat-
ed into routine practice.

It is now clear that there are at least two clinical and
molecular subsets of the grade IV astrocytoma (193,
195). De novo (primary) glioblastomas are clinically
aggressive tumors associated with older age of onset
and epidermal growth factor receptor (EGFR) amplifi-
cation/overexpression. Secondary glioblastomas devel-
op from lower grade precursors, tend to have a more
protracted course, and frequently harbor mutations of
the p53 gene (195). EGFR amplification in glioblas-
tomas may in fact have differing biologic significance
based on patient age, being associated with worse sur-
vival in young patients (age<60) and prolonged survival
in those over 60 (164, 171). Interestingly, pediatric high-
grade astrocytomas lack EGFR amplifications (35, 137,
177) and there is conflicting evidence as to whether or
not p53 alterations correlate with patient survival (136,
137, 177). Although FISH is unreliable for p53 assess-
ment due to mitotic recombination (125), several labs
have successfully utilized locus-specific EGFR probes
and have found it to be a sensitive technique for detect-
ing amplification (51, 171). Lastly, EGFR amplification
has been found in the majority of small cell glioblas-
tomas, a tumor that may mimic anaplastic oligoden-
droglioma, due to its relatively uniform, round to oval
nuclei (27). Therefore, FISH analyses for 1p, 19q and
EGFR may be especially useful for this diagnostic con-
sideration (Figure 4).

Losses involving chromosome 10 are also frequent in
high-grade astrocytomas and several groups have uti-
lized a CEP10 probe to detect such losses in paraffin-
embedded cases (2, 23, 37, 40, 73, 122, 132, 175).
Whereas some report this loss as an independent nega-
tive prognosticator (7, 37, 132), others found a signifi-
cant association only on univariate analysis, since
monosomy 10 is so tightly linked with GBM
histopathology (54, 73). Several candidate tumor sup-
pressor genes have been mapped to the long arm,
including PTEN (10q23) and DMBT! (10q25.3-26.1).
LSI probes have now been used successfully to detect
both deletions (51, 171). Mutations of PTEN appear to
be restricted to high-grade astrocytomas, but not to
either the primary or secondary GBM variant (138, 154,

202). Similar to the FISH reports of monosomy 10, sev-
eral reports suggest that PTEN alterations are predictive

_of short survival, both in adult and pediatric patients

with high-grade astrocytoma (105, 137, 171). Therefore,
the detection of 10q losses, by FISH or other techniques
may eventually become incorporated into routine prac-
tice.

Alterations of the cell cycle regulatory cascade that
include pl6/CDKN2, cyclin-dependent kinase 4
(CDK4), and retinoblastoma (RB) genes are also
involved in the malignant progression (68, 155, 185).
The most frequent mechanism of inactivating this path-
way in gliomas is through homozygous deletion of p16
(125, 185). Several studies have suggested a correlation
between p16 loss and poor survival (85, 115). However,
in a large FISH study of diffuse gliomas, we were
unable to verify this on multivariate analysis, since this
alteration was tightly linked to high-grade astrocytic
pathology (125). Importantly, Iwadate and colleagues
found that mutations and homozygous deletions of p/6
were correlated with increased sensitivity to
antimetabolite chemotherapeutic agents, suggesting that
pl6 status may predict chemosensitivity for individual
brain tumors (78). The recent release of a commercially
available p16/CEP9 FISH probe cocktail (Vysis, Down-
er’s Grove, Ill) may further facilitate investigational
efforts.

In comparison to diffuse astrocytomas, little is
known about the genetics of pilocytic astrocytomas
(PA). The majority of tumors studied have shown no
detectable chromosomal abnormalities, although gains
of chromosomes 5 to 9 have been observed by cytoge-
netic techniques, including FISH (1, 36, 150, 200). As
PAs occur frequently in patients with neurofibromatosis
type 1, it is not surprising that the NF/ gene has been
scrutinized as a potentially important tumor suppressor
(191). Indeed, loss of neurofibromin expression has
been detected in the majority of NF1-associated, but not
sporadic PAs (63, 104, 134). However, the method for
this inactivation is unknown and does not seem to
involve FISH-detectable deletions (104).

Oligodendrogliomas and the -1p/19q genetic vari-
ant. In no other area of brain tumor pathology has FISH
proved more clinically valuable than in the genetic pro-
filing of oligodendroglial tumors. Comprising approxi-
mately 20 to 25% of adult gliomas, oligodendrogliomas
tend to progress more slowly than astrocytomas, and are
associated with longer patient survival (50, 86, 161).
The diagnosis of these tumors is particularly critical
given that many anaplastic oligodendrogliomas respond
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favorably to chemotherapy, especially the PCV regimen
(procarbazine, lomustine (CCNU), and vincristine) (32,
50, 60, 107). Unfortunately, the histologic classification
of oligodendroglial neoplasms remains subject to con-
siderable interobserver variability and the oligoden-
droglial phenotype has expanded over time to include
“minigemistocytes” and “gliofibrillary oligodendro-
cytes” (41, 92, 124).

LOH, CGH, and FISH studies have shown that 60 to
70% of oligodendrogliomas are characterized by a dis-
tinctive genetic pattern, consisting of combined dele-
tions of the entire chromosome 1p and 19q arms (10, 17,
90, 143, 144, 167). These molecular alterations have
potential diagnostic, prognostic, and even therapeutic
relevance. For instance, using 1p36 and 19q13.3 LSI
FISH probes, Smith et al showed that 1p and particular-
ly combined 1p/19q deletions were highly associated
with the oligodendroglial phenotype (167). They further
established that such deletions were associated with pro-
longed patient survival in pure oligodendrogliomas,
irrespective of grade (169). This favorable association
was not detected in astrocytomas or mixed oligoastro-
cytomas (MOAs) with this molecular signature, though
a relatively small number of MOAs were analyzed and
this issue remains unresolved (75, 91, 169). Losses of
19q have also been associated with malignant progres-
sion in astrocytomas, though the deletions are often
smaller in such cases and 1p is typically not codeleted
(144, 167, 170, 190, 192). Perhaps of greatest clinical
relevance, Cairncross et al have shown that allelic loss
of 1p was a statistically significant predictor of PCV
chemosensitivity, and that combined 1p and 19q loss
was associated with both chemosensitivity and longer
recurrence-free survival (33). The mechanism for this
enhanced therapeutic responsiveness is poorly under-
stood, though additional studies have shown enhanced
radiosensitivity as well (8). Therefore, it is possible that
the combined 1p/19g-losing oligodendrogliomas are
also more sensitive to other drugs, such as temozo-
lamide, a currently popular chemotherapeutic agent
with less patient toxicity than the PCV regimen. In other
words this oligodendroglioma variant may be a better
behaving tumor, almost regardless of the therapeutic
approach that is chosen. Since this is still speculative,
clinical trials are needed to address this issue. Neverthe-
less, sufficient data now exists to support ancillary 1p or
1p/19q testing and a number of labs currently offer this
by LOH, FISH, or both. For the past 2 years, we have
been prospectively assessing our oligodendroglial neo-
plasms and the FISH results are summarized in Table 2.
To some extent, MOAs and other morphologically

Figure 5. Common patterns of 1p (green) and 19q (red) FISH
analysis include the normal, disomic state (A), codeletion of
both markers (B), and loss of 19q only (C).

ambiguous diffuse gliomas are over-represented due to
consultation biases (ie, classic cases are less likely to be
sent out). The high-grade astrocytomas analyzed repre-
sent cases with either vague oligodendroglial features or
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those with unexpectedly long survival. In any case, the
four common patterns seen by FISH are illustrated in
Figure 5 and include normal, 1p/19q codeletion, 19q
loss only, and polysomies (gains), likely reflecting a
state of aneuploidy. As in prior retrospective series, the
1p/19q codeletion was most commonly encountered in
classic oligodendrogliomas. Polysomies have been par-
ticularly common in our morphologically equivocal
gliomas, though the significance of this finding, if any,
is currently unclear. Another phenomenon we have
experienced is the “astrocytoma” that recurs after more
than 10 years. Nearly invariably, re-review has demon-
strated oligodendroglial rather than astrocytic features
and FISH often reveals combined 1p and 19q deletions.

Similar to astrocytomas, alterations involving chro-
mosomes 9 and 10 have been identified in anaplastic
oligodendrogliomas, though at a lower frequency (17,
32, 105, 151). Mutations involving both PTEN and
DMBTI have been detected, although to date only loss
of PTEN has been implicated as a potentially useful
clinical marker (105, 151). Sasaki et al found that allel-
ic loss of chromosome 10q was negatively associated
with 1p loss and that PTEN gene alterations were inde-
pendently predictive of poor survival in patients with
anaplastic oligodendrogliomas, even those with initially
favorable chemotherapeutic response (151). Similarly,
pl6/CDKN2A deletions have also been associated with
anaplasia and worsened survival, occurring preferential-
ly in tumors with retained 1p and 19q (17, 33).

Mixed oligoastrocytomas (MOAs). MOAs and other
morphologically ambiguous gliomas are a histological-
ly and clinically diverse group of tumors (86). As with
pure oligodendrogliomas, some MOAs respond favor-
ably to PCV chemotherapy (60). Unfortunately, objec-
tive diagnostic criteria are lacking and neuropathologist
concordance rates remain low (124). As a group, sur-
vival rates fall somewhere between those of pure astro-
cytic and oligodendroglial tumors of similar grade, but
there is wide individual patient variability (124, 160,
168). Thus, an obvious hope is that molecular profiling
will provide a more clinically useful stratification. In
this regard, Maintz et al proposed two genetic subsets of
MOA, one exhibiting p53 gene mutations as seen in
astrocytomas and another with 1p and 19q deletions,
more typical of oligodendrogliomas (110). In a more
recent CGH study, a 4-category system was proposed
(83). In this scheme, two groups similar to pure astrocy-
tomas (+7/-10) and oligodendrogliomas (-1p/-19q)
respectively were identified. An additional “intermedi-
ate” category with -1p/-19q and +7 and/or -10 was

included and tumors lacking any of these alterations
were defined as “other.” Since genetic studies have typ-
ically revealed either a more astrocytoma-like or oligo-
dendroglioma-like pattern, it is still debated whether
MOAs represent truly mixed tumors or simply pure
gliomas, wherein the histogenesis is less obvious.
Whether or not potential “astrocytoma-associated” or
“oligodendroglioma-associated” markers will prove to
be of clinical utility in such cases remains to be deter-
mined and a FISH study is currently ongoing.

Ependymomas. Ependymomas represent a subset of
gliomas that occur both sporadically and rarely, in asso-
ciation with neurofibromatosis type 2 (NF2). Thus far,
histologic classification has been an unreliable predictor
of clinical behavior, and extent of resection remains the
most meaningful prognostic determinant (49, 135). In
contrast to the diffuse gliomas, little is known regarding
tumorigenic and progression-mediated events in
ependymoma.

Much interest has centered on NF2 (22q12) and its
gene product merlin (schwannomin), since alterations
involving chromosome 22 have been well documented
in ependymomas (20, 46, 67, 71, 74, 82, 96, 111, 176,
187, 194, 198, 199, 201). Given the increased frequen-
cy of intramedullary ependymomas in NF2 patients, it is
interesting that several groups have reported a spinal
association for ependymomas with NF2 mutation (21,
46, 67, 96, 97, 100). Using LSI probes for NF2 and a
related protein 4.1 family member, DAL-1, we detected
a similar trend, whereas those with DAL-I deletion were
associated with intracranial localization (manuscript
submitted). Age-associated genetic alterations are also
suspected, though the data is conflicting (67, 89, 111,
140, 194). In a recent CGH study, chromosome 7 gains
were seen primarily in spinal, while gains of 1q and
losses of 6q, 9 and 13 occurred preferentially in intracra-
nial ependymomas (71). Therefore, there are currently
multiple sites of interest, amenable to further clinico-
pathologic FISH studies.

Embryonal neoplasms. The generic term “embryon-
al tumor” is used to describe a diverse group of primi-
tive round cell neoplasms occurring in the CNS and
PNS. They include both central and peripheral forms of
primitive neuroectodermal tumor (PNET), as well as
atypical teratoid/rhabdoid tumor (AT/RT). Although
nearly all have “small blue cells” in common, each has
defining clinical, morphologic, immunohistochemical,
and genetic features. Furthermore, despite the designa-
tion of central PNET for both medulloblastomas and
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their supratentorial counterparts, it is clear that the latter
behave in a more aggressive fashion and differ geneti-
cally (86). Whereas isochromosome 17q formation is
typical of medulloblastoma (13, 14, 15, 18, 58, 142),
losses of 14q and 19q are more common in the supra-
tentorial PNETs (29, 146). Even within the category of
medulloblastoma, not all are created equal, with both
favorable and unfavorable variants recently recognized.
Subsets of aggressive medulloblastomas harbor amplifi-
cations of C-myc (11, 19, 25, 70, 101, 152) and less fre-
quently N-myc (25, 141, 181) oncogenes. These ampli-
fications have recently been associated with the large
cell/anaplastic variant, a highly aggressive tumor that
characteristically presents with CSF dissemination (25,
101). In contrast, medulloblastomas with hypernodular-
ity, extensive neuronal maturation, and/or TrkC expres-
sion reportedly have a more favorable prognosis (45, 55,
56, 62, 172).

AT/RT is an uncommon, primarily infant-associated
CNS tumor, notable for its extremely aggressive behav-
ior, its diverse histomorphologic spectrum, and its
resistance to standard medulloblastoma therapeutic reg-
imens (28, 86, 145). These polyphenotypic neoplasms
are characterized by varying numbers of “rhabdoid
cells” with eccentric nuclei, prominent nucleoli, and
eosinophilic paranuclear inclusions composed of
whorled bundles of intermediate filaments. Epithelial,
mesenchymal, and/or immature round cell elements can
also be encountered, and when the latter predominate,
they are often misdiagnosed as medulloblastoma or
PNET (28, 145). However, unlike the latter, most
AT/RTs are characterized by monosomy 22 or 22q dele-
tions (11, 28, 145). Recently, deletions and mutations of
the ASNF5/INII gene on 22q11.2 have been identified in
AT/RTs, as well as the majority of extracranial rhabdoid
tumors (12, 14, 26, 52, 189). A commercially available
LSI probe directed against the nearby bcr gene has both
excellent hybridization efficiency and sensitivity for
detecting these 22q11.2 deletions (26, 52). It is therefore
useful for distinguishing AT/RT from medulloblastoma
or PNET, particularly in younger patients with incon-
clusive morphologic and immunophenotypic findings.

Ewing’s sarcoma and peripheral PNET (pPNET),
malignant round cell neoplasms with overlapping fea-
tures are now considered two ends of a single diagnos-
tic spectrum. Characterized by translocations involving
the EWS gene on chromosome 22q, they may be
encountered by neuropathologists, due to their frequent
paraspinal localization (182, 184). The t(11;22)
(q24;q12) translocation resulting in an aberrant EWS-
FLII fusion, has been detected in 80 to 90% of cases,

Figure 6. FISH analysis utilizing EWS (red) and FLI (green)
probes demonstrate several overlapping, yellow fusion signals
in this case of peripheral PNET.

although several variant translocations have also been
described (59, 133, 184). Since central PNETs, medul-
loblastomas, neuroblastomas, and other differential
diagnostic considerations do not harbor these transloca-
tions, it represents a diagnostically useful finding (77,
81). Similar to RT-PCR and Southern blot analyses,
FISH has been shown to be a reliable method for detect-
ing this EWS-FLII fusion (Figure 6) (42, 77, 81, 93, 94,
114, 117). Lastly, neuroblastoma is a genetically distinct
embryonal tumor of the autonomic nervous system. A
subset are characterized by 1p deletions and/or N-myc
amplification, both considered negative prognostic indi-
cators that are commonly detected by FISH analysis (66,
178, 179). In summary, i(17q), 22q deletions, myc
amplifications, and EWS-FLI translocations are readily
detectable alterations by FISH and represent useful
ancillary diagnostic and prognostic markers for selected
forms of embryonal CNS and PNS tumors.

Meningiomas. Although the genotyping of menin-
giomas has lagged behind similar studies of gliomas,
these were among the first neoplasms to be character-
ized by a cytogenetic alteration, namely monosomy 22.
It is now known that the NF2 gene on 22q12 is a com-
mon primary target of inactivation, both in NF2-associ-
ated and sporadic tumors (43, 65, 112, 127, 147, 186).
Loss of DAL-1, another protein 4.1/ERM family mem-
ber, has also been implicated recently, both by FISH and
other techniques (64, 126, 127). Many progression-
associated sites of chromosomal loss and gain have sim-
ilarly been identified, though the responsible genes
remain unknown (24, 30, 31, 95, 102, 128, 156, 163,
196). Nevertheless, these alterations are amenable to
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FISH detection. Similar to others, we have found a sig-
nificant association between 1p and/or 14q deletions and
high grade (WHO II or III) (30). Although these alter-
ations have not been independently associated with
prognosis thus far, 14q deletions were common in our
histologically benign meningiomas that recurred unex-
pectedly (ie, despite gross total resection). This suggests
that despite the lack of a candidate gene, 14q assessment
by FISH may eventually supplement routine histology,
perhaps in association with other genetic markers.

Utilizing CGH, Weber et al identified a 17923 ampli-
con associated with anaplastic (grade III) meningiomas
(196). In roughly 15% of anaplastic meningiomas, we
subsequently found FISH detectable amplification of the
PS6K gene in this region, suggesting that this either rep-
resents an uncommon, likely late progression-associated
genetic event (31). Whether or not this gene is the pri-
mary target of this amplicon has yet to be determined.
Similarly, in a comprehensive CGH, LOH, PCR, muta-
tion, and hypermethylation study by Bostrom et al, the
pl6 gene was frequently inactivated in anaplastic
meningiomas, with loss of one or both alleles in the
majority of cases (24). We similarly found deletions by
FISH in roughly 70% of our anaplastic meningiomas
and these cases had a statistically significant reduction
in overall survival (unpublished data). Further studies
are ongoing in hopes of developing a comprehensive
and clinically useful molecular classification scheme for
meningiomas.

Peripheral nerve sheath tumors. A number of
benign and malignant nerve sheath tumors are now
known to harbor distinct genetic aberrations. Given the
high frequency of neurofibromas and schwannomas in
NF1 and NF2 respectively, it is not surprising that their
corresponding genes have been implicated in both the
familial and sporadic forms of these common nerve
sheath tumors (38, 47, 65, 76, 87, 103, 139, 148, 159).
Schwannomas are relatively pure Schwann cell prolifer-
ations with loss of merlin expression in the majority of
cases (65, 148). The mechanisms of inactivation have
not been entirely resolved, though both LOH and cyto-
genetic studies suggest monosomy 22 in a subset (103,
113). By comparison, the study of neurofibromas has
been partially hampered by its heterogeneous composi-
tion, including Schwann cells, fibroblasts, perineurial-
like cells, and entrapped non-neoplastic elements. Both
LOH and FISH have found loss of the NF1 region in up
to half of plexiform neurofibromas, the variant with the
greatest potential for malignant transformation (87, 130,
139). Combined FISH and S-100 protein immunohisto-

chemistry further illustrated that this loss is restricted to
the Schwann cell component (130). Another rare form
of benign nerve sheath tumor recently characterized by
FISH is the perineurioma. Similar to schwannomas and
meningiomas, monosomy 22 is common in both intra-
neural and soft tissue examples (48, 57). Whether or not
the NF2 gene is the target of this genetic loss remains
unclear at this time (98, 99).

There has been great interest in genetically charac-
terizing malignant peripheral nerve sheath tumors
(MPNSTs), given that these tumors are often diagnosti-
cally challenging and there are currently no specific
immunohistochemical markers. Cytogenetic studies
have revealed highly complex, aneuploid or near-
triploid karyotypes in most and a specific genetic mark-
er has not been identified (113). However, LOH of the
NFI gene has been found in roughly two thirds of MPN-
STs from NF1 patients (106, 139, 166). By FISH, this
region is deleted in both familial and sporadic examples
(106, 130) and larger studies to assess the specificity of
this finding are currently underway. Synovial sarcoma,
one of the main differential diagnostic considerations,
harbors a characteristic X;18 translocation, which is
detectable by a number of techniques, including FISH
(22, 203). Although the fusion transcript has recently
been detected by RT-PCR in MPNST as well (119), this
alteration is still considered more characteristic of syn-
ovial sarcoma. It is unknown whether these RT-PCR-
positive MPNSTs may have harbored only rare cells
with the fusion, in which case FISH and other less sen-
sitive techniques might have been considered negative.
Nevertheless, additional studies of specificity for the
t(X;18) in these histologically similar neoplasms may be
warranted, including those with FISH.

Utility of FISH in Non-neoplastic Neuropathology
The role of FISH in non-neoplastic neuropathology
has barely been explored. Nevertheless, there are a num-
ber of potential applications. For example, Down syn-
drome brains are often studied as a model of early onset
Alzheimer’s disease. However, they are often received
with little available clinical information and lack of
cytogenetic confirmation. Since trisomy 21 is present in
every cell of a Down syndrome patient (except in mosa-
ic forms), it is a relatively simple matter to confirm this
diagnosis with FISH analysis on submitted brain tissue
(131). One could envision a similar approach for mal-
formed perinatal autopsy brains. For example, a forma-
lin-fixed holoprosencephalic brain sent in consultation
without karyotyping could be evaluated for trisomy 13
or 18. LSI probes have similarly been applied to cases
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of lissencephaly or other migrational disorders, where
microdeletions have been recently appreciated (44,
123). Such information would obviously be useful for
subsequent genetic counseling.

Summary

FISH has become a useful clinical and research tool,
which is still relatively underutilized. As with any tech-
nique, it has distinct advantages and disadvantages,
though its main attraction for neuropathologists lies in
its morphologic preservation and applicability to
archival FFPE tissue. Given recent technical advances
and a rapidly growing body of molecular cytogenetics
literature, its role in diagnostic and investigative neu-
ropathology laboratories will likely continue to grow in
the near future.
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